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ECTROGRAPHIC DETERMINATION OF BORON IN 
STEEL ? 
By Charles H. Corliss and Bourdon F. Scribner 





ABSTRACT 


The spectrographic determination of small amounts of boron in thin steel rods 
din massive pieces of steel was investigated by using several types of arc-like 
scharges. The sensitivity and accuracy in determining boron were found 
be affected by variations in the rate of cooling of the electrodes. With %2-inch- 
d electrodes, the high-voltage alternating-current arc permits determinations 
wn to 0.0006 percent of boron, with an average deviation of +4 percent. 
th more massive specimens the high-voltage alternating-current arc is insensi- 
ve, but an overdamped condenser discharge or similar source provides adequate 
mitivity and precision. Determinations as low as 0.0001 percent of boron 
made with a direct-current arc to which sodium is added to suppress an 
terfering Fer line. In the course of the investigation, a series of six boron 
ls in two sizes, %2- and %-inch rods, were issued as National Bureau of Stand- 
ds Standard Samples covering the range 0.0006 to 0.019 percent of boron. 
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I. INTRODUCTION 


The addition of a few thousandths percent of boron to certain steels 
sults in an increase in the hardenability (depth of hardening). 
his property suggested the possibility that boron could be substi- 
ted for considerably larger portions of strategic alloying elements 
steel and, consequently, intensive studies of boron steels were made 
uring the war period. Boron is commonly added to steel in the ladle 
ringot molds in the form of ferroboron or by other addition agents 
ntaining various beneficial elements. In view of the low concen- 
tion of boron required for optimum hardening, usually 0.001 to 
003 percent, and the effect of variations in concentration, accurate 
d rapid methods were required for its determination. This prob- 
m was brought to the Bureau’s attention in connection with an 
vestigation of the properties of boron steels by the Metallurgy 


‘Presented at the meeting of the Optical Society of America on October 19, 1945. 
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Division of this Bureau, the investigation being sponsored by the Wj 
Metallurgy Committee of the National Research Council, Natio, 
Academy of Sciences. At the request of these groups, and yi 
funds alloted by the Office of Production Research and Developme 
of the War Production Board, methods were developed for the specty 
graphic determination of boron in solid steel specimens and, in adj 
tion, standard samples were made available for the use of otly 
laboratories. A concurrent investigation of the chemical determi 
tion of boron by the Chemistry Division of this Bureau permitts 
intercomparison of methods and provided the chemical determinatiy 
essential to the certification of standards. The methods were ap) 
in the analysis of armor plate and of other samples involved 
metallurgical investigations. 

Methods for the spectrographic determination of boron in var 
materials have been reported in the literature. For application 
steels, Masi [1] ? described a method employing solutions with spy 
excitation for determinations in the range 0.03 to 2.0 percent of bong 
Schliessmann [2] investigated the sensitivity of detection of a num! 
of components of steels, including boron, using solutioas and » 
excitation. His results indicated a sensitivity of 0.005 percent | 
boron. Recently, Gegechkori and Fal’kova [3] described a spu 
method similar to that of Masi for determinations of boron in the raw 
of 0.1 to 1.0 percent and also an a-c are method employing filings, 
the steel sample for the range 0.001 to 0.1 percent of boron. Non 
these methods employed the steel sample in solid form and all require 
time-consuming preliminary preparations. Irish [4] has recently 
scribed the application of the a-c arc method to the rapid determinati 
of boron in the range 0.002 to 0.05 percent of boron, using rod sample 
This method is quite satisfactory for control analysis where samp! 
may be cast in reproducible shape, such as rods %: inch in diamet 
However, the method must be employed under closely specified 
ditions, and its sensitivity falls off markedly if the size of the samp! 
is increased. The methods to be described are applicable to rod: 
massive specimens in control testing and in the testing of fabricate 
parts. The requirement for the methods, that standard samples } 
available in suitable form, was met by the certification of six N ations 
Bureau of Standards Standard-Sample rods % inch in diameter a 
a corresponding set of six standards, % inch in diameter, each s 
covering the range 0.0006 to 0.019 percent of boron. 


II. DETERMINATION OF BORON 
1. GENERAL ASPECTS OF THE PROBLEM 


The concentrations of boron commonly encountered in steels p 
duced in this country are near the limit slimecienpmabia detection bj 
the usual methods of excitation. As spark excitation is useful onj 
for amounts of boron above (0.005 percent, arc excitation is employe 
under conditions adjusted to obtain maximum sensitivity. In ordel 
to extend the range of determination to 0.001 percent of boron or les 
the limiting factors of interference by spectral background and ») 
neighboring iron lines must be minimized. The unfortunate inte 


‘Figures in brackets indicate the literature references at the end of this paper. 
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ence of the iron line Fe u 2497.82 A with the strongest boron line 
:2497.73 A renders the latter line unsuitable for analytical purposes 
der many observing conditions, and the next strongest boron line, 
:2496.78 A, is therefore employed. If the resolving power available 
the spectrograph is sufficient to separate the first two lines, an 
crease in sensitivity up to a factor of two would be realized by use 
the strongest boron line. Another possibility is the reduction of 
tensity of the interfering Fe m line with respect to the strongest 
line. Because of the higher energy required for excitation of the 
1 line as compared to the B 1 line, the former may be suppressed 
; employing an excitation source of low energy. Advantage is 
ken of this phenomenon, when the highest sensitivity is desired, by 
nploying a d-c are to which sodium is added to maintain low-level 
citation. 

Another factor of considerable importance in the determination 
boron is its volatility (probably as oxide), which is appreciably 
her than that of iron; this characteristic is both helpful and 
oublesome. It permits enrichment of the vapor by boron under cer- 
ir excitation conditions, thus increasing the sensitivity of detection. 
disadvantage lies in the care required to ensure reproducible heating 
the electrodes to obtain accurate determinations. Variations in 
eat conduction from the discharge points on the electrodes may lead 
appreciable errors in the analytical results. Because of the 
fects of heat conduction, it was found necessary for optimum results 
apply different excitation procedures in determining boron in thin 
xis and in more massive pieces. 

The existence of boron in complexes insoluble in acids was observed 
| the determination of boron by chemical analysis. As much as one- 
alf of the boron may remain in the minute acid-insoluble residue 
hen the total concentration of boron lies in the range of a few thou- 
sndths percent or less. The procedure for chemical analysis, there- 
re, provides for alkaline fusion of the insoluble material to incorporate 
in the solution. This time-consuming operation would necessarily 
‘involved in a solution method for spectrographic analysis and 
onsequently renders this procedure impracticable in comparison with 
method of direct excitation of the steel sample. The existence of 
oron in acid-soluble and acid-insoluble forms presents the possibility 
hat these forms may differ in volatility in spectral excitation and may 
fect the spectrographic determinations. However, a comparison of 
bemical and spectrographic results for samples having different 
ractions of insoluble boron has not disclosed an appreciable effect 
n the spectrographic results. 
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2. DETERMINATION OF BORON IN THIN-ROD SAMPLES 


The determination of boron in thin-rod samples, for example, rods 
inch (5.6 mm) in diameter, may be accomplished with satisfactory 


ploye nsitivity and accuracy by means of the usual arrangement of a 
ore 500-volt 10-kw a-c arc.’ Under the conditions employed here for 
Ol le he line B 1 2496.78 A, the method exhibits a sensitivity of 0.0006 
at ercent of boron, with an average deviation of +4 percent of the 


‘A ¢ampere d-c are was found sensitive to 0.001 percent of boron with light from the entire arc stream or to 
ove percent of boron with light taken from a portion of the are stream nearest the positive electrode. 
‘terminations by this procedure, however, are not as precise as those obtained with the a-c arc. 
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amount present. The conditions employed in the a-c arc method gM tratic 


as follows: the il 

Electrodes.—The tips of two rods %: inch (5.6 mm) in diameter gM cocto 
ground to a 150-degree cone (the cone angle should be standardigl:,, ro 
throughout the procedure, but the value selected is not critical), table 


Mounting of electrodes.—The two rods are mounted in clip holds 
with each electrode protruding a fixed distance of 12 mm or more fry 
the holders to minimize heat conduction. The analytical gap is y 
at 1.8 mm. 

Excitation.—A 2,500-volt a-c arc with current of 4.5 amperesis us 

Spectrogravhy.—A large Littrow quartz spectrograph with a ¢ 
width of 20 microns is employed with an Eastman Spectrum Analy 
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FiaurE 1.—Analytical curve obtained with %2-inch-diameter National Bureov @® their 
Standards spectrographic boron steel Standard Sample rods and the alternalin@® 14, 
current arc. , 
of tl 
Exposure.—The exposure period is 90 seconds. clan 
Photometry.—Photometric measurements are made with an effecting ‘unc 
slit width of 16 microns. A group of iron lines at 2800 A, having reli the « 
tive intensities previously determined by a step-sector method, gm ‘ure 


measured for plate calibration. From photometric measurements sim ‘he 
the calibration curve, the intensity ratio of B12496.78 A sg ‘auc 
Fe12496.99 A is obtained. duet 
The analytical curve shown in figure 1 was constructed from t the 
mean values of four determinations on each of the six National Bure ° st 
of Standards boron-steel Standard Samples Nos. 425 to 430, inclusivam «nd 
The spread of the runs for each standard is indicated by the length Fi 
the vertical line at each point; the mean of a set of values is give (gm Pers 
the small circle. In order to accommodate the full range of conc “cr 
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hod eM trations to the latitude of the plate, it was found necessary to reduce 
the intensity of the boron line above 0.006 percent by means of a step 
eter ailmcector or filter. Determinations usually fall below this concentration 











lardiafii in routine analysis. The precision of the method is demonstrated in 
al). table 1 by the results of repeated runs on the same sample. 
holder 
re fro TaBLe 1.—Precision of 2,500-volt a-c arc method 
p is 4 [Seventeen runs of NBS Standard Sample 427 on one plate.) 
sis Useg | Boron con- | a | Boron con- —r 
1 ad tent Deviation tent | Deviation 
Analrs Eto PR pee 2» oe aE — 
: Percent | Percent | Percent Percent | 
0.00282 | 0.00012 || 0.002862 0.00008 | 
00256 | .00Ol4 | 00288 00018 | 
00271 | . 00001 i| 00286 .00016 | 
| .00261 | 00009 8 || . 00269 . 00001 | 
| 00270 00000 | . 00266 . 00004 
. 00281 . 00011 00253 | -00017 | 
00277 - 00007 | . 00258 00012 | 
| 00278 | =. 00008 . 00262 0000s 
| 00275 00005 || — -— - 
i} 10.00270 


Average deviation from the mean, +4% 








' Average. 


The accuracy of the results is difficult to estimate. The agreement 
of the plotted points with the smooth curve in figure 1 indicates an 
accuracy approaching the precision of the spectrographic results 
in these cases where carefully determined chemical values are available 
for comparison. In routine analyses, a comparison of spectrographic 
determinations (average of three runs) and single runs by chemical 
analysis showed an average deviation of +0.0003, percent, or +19 
percent of the amount present. 

The sensitivity of detection of boron in steel with the a-c arc source 
depends on the temperature of the molten pool from which the steel 
is being vaporized into the arc stream. As the temperature is raised, 
the ratio of boron to iron vapor in the are steam is increased. The 
temperature in turn depends on the rate of cooling of the rods and is 
markedly affected by the method of supporting the electrodes and by 

‘reai @ their diameter. This can be demonstrated by supporting two %2-inch 
m'"@® rods in closely fitting water-cooled copper clamps. The temperature 
of their tips will depend on the length of rod projecting from the 
clamps. In figure 2 the intensity ratio of boron to iron is plotted as a 
fecti™m function of the distance to which the tips of the rods projected from 
the clamps. The marked effect of the variation of electrode tempera- 









g rel — 
od, Mm ‘ure is apparent in the figure. At projections greater than 14 mm 
ts ang the temperature of the tips was unaffected by variations in the dis- 


, aug™ ‘ance of projection as most of the cooling was by radiation and con- 
duction into the air rather than by conduction through the rods into 
m th@™ theclamps. This figure illustrates the importance of a proper method 
sureitfm Of supporting the electrodes and its possible effect on the sensitivity 
jusivagm ‘nd the accuracy of the determinations. 
gth« Figure 3 shows another aspect of the same effect. Here the tem- 
reu lim perature of the tips of the rods decreased as the rod diameter was 
oncetf™ ‘creased. As in figure 1, the intensity ratio of boron to iron is great- 
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est where the temperature is highest. For this reason the ordinary 
\0-kw a-c are provides inadequate sensitivity for determinations of 
poron on large samples, such as rods ¥ inch in diameter or heavy fabri- 
cated pieces. 


3. DETERMINATION OF BORON IN MASSIVE SAMPLES 


If the steel samples are in the form of irregular massive pieces, it 
is advantageous to have a method for the determination of boron 
that does not require machining the steel to thin rods having a closely 
ontrolled diameter. The high-voltage a-c arc provides a sensitivity 
of f only 0.005 percent with the boron line 2496.78 A when applied to 

iassive pieces of steel, and therefore other modes of excitation were in- 
vestigated. Three sources were found useful, namely, an overdamped 
condenser discharge, a high-current a-c arc, and a high-current d-c arc 
of low excitation energy. The procedures to be described for these 
excitation sources are applied with the point-to-plane electrode technic, 
in which one electrode is the steel sample having a machined flat 
surface at least 4% inch in diameter and the other electrode is a 


graphite rod. 


(a) OVERDAMPED CONDENSER DISCHARGE 


A commercial source of excitation, the Multisource unit, providing 
a wide selection of discharge conditions has been described by Hasler 
5]. One mode of excitation involving the discharge of a condenser 
bank through relatively high values of inductance and resistance 
results in an overdamped discharge with favorable characteristics 
for the determination of boron. The method exhibits a sensitivity of 
0.0006 percent of boron, with an average deviation of +5 percent 
of the amount present and thus, with irregularly shaped steel speci- 
mens, matches the results obtained by the high-voltage a-c arc as 
applied to thin-rod samples. The conditions employed are as 
follows: 

Electrodes.—A flat surface having a diameter of % inch (13 mm) or 
more is machined on the steel specimen. A counter electrode is 
repared from \¥-inch (6.3 mm) boron-free graphite by cutting a 
120-degree cone on the end. 

Mounting of electrodes.—The steel electrode (positive) is mounted 
with its flat surface in a horizontal plane; the counter electrode 
negative) is mounted vertically with an electrode gap of 6 mm. 
The half of the electrode gap above the steel electrode is centered on 
the optical path, and the image of this portion of the discharge is 
projected to the collimator lens of the spectrograph by means of a 
lens (f-34 em) at the slit of the spectrograph. 

Excitation.—An overdamped condenser discharge of the Multi- 
source unit is employed with capacitance of 60 uf, inductance 480 yuh, 
resistance 50 ohms, charging voltage 940 volts, and full initiator 
power, 

Spectrography.—A large Littrow quartz spectrograph with a slit 
width of 20 microns is employed with an Eastman Spectrum Analysis 
No. 1 plate. 

Erposure.—The exposure period is 90 seconds. 

Photometry. —Photometric measurements are made as described 
for the a-c are method, except that Fe 1 2487.37 A is employed. 


687131—-46 2 
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The analytical curve shown in figure 4 was constructed from th Th 
mean values of three determinations on each of the six Nationa) provi 
Bureau of Standards Standard Samples 825 to 830, inclusive, having HR yalue 
a diameter of 4% inch. The agreement of the points with the smooth HBporor 


curve indicates an accuracy approaching the precision of the spectro. HB chow 
graphic determinations. The precision of the method is demon. Bj; ob 
strated in table 2 by the results of repeated runs on Standard Sample HB: 20 
826. the g 


Comparison of routine spectrographic determinations (average of 
three runs) and chemical determinations, by single runs, for boron jp 
24 steel samples showed an average deviation of 0.0003, percent, or +17 
percent of the amount present. 
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Ficure 4.—Analytical curve obtained with \%-inch-diameter National Bureau 
Standards spectrographic boron steel Standard Samples and the overdamp 
condenser discharge. 


TABLE 2.—Precision of overdamped condenser discharge 











[Sixteen runs of Standard Sample 826 on one plate) FicuR 
|Boroncontent Deviation ars Deviation | 
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The operating conditions for the excitation source were selected to 
provide optimum sensitivity and reproducibility. The maximum 
value of capacity is necessary to provide sufficient intensity of the 
poron line. The effect of resistance in the circuit, as plotted in figure 5, 
shows that the intensity ratio of boron to iron reaches a maximum at 
15 ohms but that the ratio of boron to background reaches a maximum 
at 20 ohms and remains nearly constant above that value. In view of 
the gain in the intensity of the boron line at higher resistance values, 
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ficurs 5.—Effect of variation of resistance on the intensity ratio of boron to iron lines 


in the overdamped condenser discharge. 


a resistance of 50 ohms was adopted. Under these conditions the 
available variation in inductance has little effect on the discharge, 
but as larger inductance increased the intensity level slightly, the 
maximum value of 480 uh was employed. The intensity level also 
depends on the distance between the electrodes, as shown in figure 6. 
At larger gap distances the intensity ratio of boron to iron is little 
iffected by change in the gap; the optimum gap distance apparently 
les between 4 and 6 mm. The electrode polarity in which the steel 
electrode is positive provides maximum sensitivity ; reversal of polarity 
reduces the intensity ratio of boron to iron by a factor of 4.5. 
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The high sensitivity of this discharge apparently results from , 
combination of a violent attack on the surface of the steel and a sy}, 
sequent overdamped condenser discharge with a duration sufficiey: 
to volatilize and excite the metal under arc-like conditions. As eg¢} 
pulse of current passes between the electrodes, a molten pool of ste« 
about % mm in diameter is formed and is explosively volatilized 

ejecting droplets and leaving a minute crater on the steel surfac 

The boron volatilizes from the surface of the molten metal before hig; 
conduction into the body of the steel electrode is well establishe; 


Then the arc dies out, and the process is repeated on a fresh spot ats 


distance from the first crater. Because of these characteristics ¢} 
sensitivity is independent of the size of the electrode. 



























0.! T T T T T T T i 
00-— OVERDAMPED = 
. CONDENSER DISCHARGE 
- 
2 -Gt be , 
> BI 249678 
i Fel 2487.37 ] 
z 
Ww 
- 
z 
~-O0.3-— - 
oO 
° 
= 
-0.4- BI 2496.78 ~ 
BACKGROUND 
-0.5-— 4 
-0.6 F : 
4 i L " a © \ " = 
0 2 3 4 5 6 ? 8 9 


GAP LENGTH IN mm 


Ficure 6.—Effect of variation of analytical gap length on the intensity ratio of | 
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A series of determinations of boron made on steel specimens 0 


different sizes and shapes but from the same heat of metal showed clos 


agreement. If the sample provides a flat surface % inch in diameter 


or larger and is sufficiently massive to prevent excessive heating, 
accurate determination can be made. 


The possibility that the National Bureau of Standards boron-stet! 
standards could be employed for the determination of boron in cas! 
iron was investigated by use of this excitation method. A compariso 


of spectrographic and chemical results on three cast-iron samples 
at 


showed the former to be low by 30 percent, indicating that cast-r 
standards must be used. 


If the Multisource unit is not available, a low-voltage a-c arc ma} 


be employed with comparable accuracy but with sensitivity limite¢ 
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).001 percent of boron. This source offers the advantage, over the 
ysual high-voltage a-c arc, in that larger currents may be passed 
‘hrough the are, and consequently the selective volatilization of boron 
fom Massive specimens may be increased with a gain in sensitivity. 
The 220-volt a-c arc is not self-sustaining, but an auxiliary circuit 
similar to that described by Brockman and Hochgesang [6] provides 
a weak spark for steady ignition of the arc. The arc is run at a 
current of 7.5 amperes from a 220-volt a-c line with an electrode gap 
of 3mm and an exposure of 30 seconds. 


(b) DIRECT-CURRENT ARC OF LOW EXCITATION ENERGY 


In the course of investigating the effect of boron in armor plate, 
terminations as low as 0.0001 percent of boron were required. The 
solving power of the large Littrow quartz spectrograph was not 
sificient to permit the use of the strongest boron line 2497.73 A, and 
he second strongest line 2496.78 A did not allow detection below 0.0006 
ercent of boron with the excitation procedures just described. As was 
stated in the discussion of the general aspects of the problem, an 
cjtation means was found that permitted the use of B12497.73 A by 
minimizing the interference of the iron spark line Fe 11 2497.82 A. 

The energy needed to excite the boron line is 4.9 electron volts as 

mpared to 16.1 volts for the spark line. If the energy of the 

ectrons in the are is reduced by introducing an element of low 
nization potential, the intensity of the iron spark line will fall with 
espect to the boron arc line. This idea was tested in a d-c arc with 
the point-to-plane electrode combination in which the graphite counter 

trode was drilled and then filled with a salt of an alkali metal. 

f the elements tried, only sodium and potassium were effective. 
Sodium changed the ratio of B12497.73 A to Fe 112497.82 A from unity 
{0.003 percent to unity at 0.0003 percent of boron. Potassium was 
ven more effective but reduced the general intensity level excessively. 
Not all sodium salts were satisfactory; anhydrous sodium sulfite 
provided superior sensitivity and precision of results. 

For maximum accuracy with this method, the temperature of the 
steel electrode should be closely controlled. Large pone of 
identical size and shape are least subject to variations. The physical 
form and concentration range of the National Bureau of Standards 
spectrographic boron steel Standard Samples are not suitable for 
application to this method. 

The following conditions are employed: 

Electrodes.—The anode is a steel block cut 1% inches (38 mm) square 
by % inch (13 mm) thick and machined flat on both sides. The 
cathode consists of a %-inch (3.2 mm) pure-graphite rod 15 mm long 
uaving a cup 2 by 2 mm filled with dry, powdered sodium sulfite. 

Mounting of electrodes—The steel block anode is mounted horizon- 
tally as the upper electrode. The cathode is inserted into a hole 5mm 
leep in a ¥-inch graphite rod that serves as a mounting of low heat 
onductivity. The electrode gap is set at 6 mm, and light from a 
section of the gap 4 mm long at the steel electrode is focused on the 
‘llimator of the spectrograph. 

_ Excitation —A d-c arc is employed with current of 10 amperes drawn 
‘rom a 220-volt line. 
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Spectrography.— The spectrum is photographed on a large Litt, 
quartz spectrograph with a slit width of 20 microns and using 
Eastman No. 33 plate. 

Ex posure.—The exposure period is 90 seconds. 

Photometry.—The plate is calibrated as described for the a-c gy 
method, and the intensity ratio of B1 2497.73 A to Fe 1 2496.99 4, 
determined. 

The analytical curve shown in figure 7 was constructed by thi 
method from the mean values of three determinations on a set o/ 
five reference samples in which boron had been determined cheni. 
cally. The agreement of repeated runs, as indicated by the vertica 
lines through the plotted points, is poor in comparison with th: 
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Ficure 7.—Analytical curve obtained for the determination of boron in steel with th 
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methods'just”described. However, the mean of two determination 
for an analytical sample provided results good to 0.0001 percent 11 
most cases. The method is mainly useful for its high sensitivity and 
is not recommended for determinations above 0.001 percent of boro. 


III. SPECTROGRAPHIC BORON-STEEL STANDARDS 


The application of spectrographic methods involving direct ¢- 
citation of the metallic sample requires standard samples, in prope! 
forms, with uniform distribution of the element to be determined, 
and with accurate evaluation of its concentration. As a part of the 
investigation of methods for determining boron in steel, a series 0 
boron steels was made available as National Bureau of Standard 
Standard Samples. The steels were obtained through the generou 
cooperation of the Bethlehem Steel Co., Bethlehem, Pa. For eaci 
standard, the steel of selected composition was hot-rolled to %c-an¢ 
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4,-inch rods, the rods were annealed, straightened, and finally fin- 
ished to 4 and % inches, respectively, by centerless grinding. The 
finished rods, with the exception of Standard Sample 828 and part 
of 826, are in the annealed state. 

The rods were received in 10-foot lengths at this Bureau, where a 
test sample was taken from both ends of each length. The samples 
were examined spectrographically, and the boron was found to be 
uniform within the precision of the spectrographic methods. The 
yniformity of compositions was gratifying, particularly as the boron 
was added in the furnace only in two cases, the remaining additions 
being made in the ladle or ingot molds. The boron contents of the 
standards were determined in the Chemistry Division of this Bureau 
by K. D. Fleischer. Boron in the 12 standards was determined by a 
distillation-tumeric colorimetric method and also by a distillation- 
titration method in the case of standards 427, 429, 430, 827, 829, 
and 830. The certified Standard Samples‘ and the modes of prepa- 
ration are described in table 3. 





TaBLE 3.—Spectrographic boron-steel Standard Samples 











Standard | " 
Sample | Type of steel Addition agent | Added in— —— 
number! | 
—— | 
Percent 
| Mn-Ni-Cr B. O. H. (NE9450) __. Ferroboron (11% boron)... Ingot =— 0. 0006 
| Cr-Mo B. O. H. (SAE 4150 Grainal No. 79 (0.5% boron)_| Ladle... 0011 
aly = -ath ; a ..| Ferroboron (12% boron)_....|.....do___. . 0027 
Mn-Cr B. 0. H ..| Ferroboron (11% boron)... . 0059 
| Ni-Cr-B (basic electric) -- - eS er (et ie ee Furnace.. . 0091 
i Se at iin | (See — ee ‘ -019 





Standard Samples in the 400 series are rods Ya inch in diameter, 4 inches long, and those in the 800 series 
ue rods 44 inch in diameter, 2 inches long. 

The %-inch Standard Samples are intended for use as self-electrodes 
in the analysis of rods prepared in similar shape, for example, by the 
method described in section II-2. The 4-inch length may be cut at 
the center, yielding two rods, each 2 incheslong. The larger standard 
rod provides a cross-sectional surface % inch in diameter for appli- 
cation in the analysis of steel specimens of similar or larger size. If 
the Standard Samples are to be used with a Petry stand or a similar 
flat-top stand, it is convenient to mount them in a steel-disk adaptor 
fitted with six holes and setscrews for clamping the \-inch rods. 
Cutting the rods lengthwise to bridge the opening in the stand is 
notrecommended. The %-inch standard rods also serve for the prepa- 
ration of specimens of unusual shapes, such as square rods, and as 
a source of millings or turnings if these are desired. 

The validity of applying the \-inch standards to the analysis of 
more massive specimens has been established by comparing the 
results on specimens having a variety of sizes but from the same heat 
of steel. If the specimen provides a flat surface % inch in diameter 
or larger and has sufficient mass to avoid excessive heating, the 
Multisource unit and low-voltage a-c arc methods will apply accu- 
rately. Application of the usual d-c arc or of the sodium-are pro- 
cedure require samples and standards of identical size and shape. 

‘ Full information on current National Bureau of Standards Standard Samples, including the procedure 


to be followed in their purchase, is given in the Supplement to NBS Circular C398, which can be obtained 
Tee upon application to the National Bureau of Standards, Washington 25, D. C. 
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ee HYGROSCOPICITY OF OPTICAL GLASSES AS AN 
ee INDICATOR OF SERVICEABILITY 


By Donald Hubbard 


ABSTRACT 


Several modifications of a powder-hygroscopicity method have been tried as a 

neans of determining the serviceability of optical glasses, i. e., their ability 

aintain a clear polished surface under normal conditions of service. The 

{ has been applied to a wide variety of glasses, and it shows the typical 

i| glasses in common use to be much less hygroscopic than the average 

ercial sheet and container glasses. In fact, many of the optical glasses 

pare favorably with the better chemical laboratory wares, such as Pyrex, 

rth, and Kimble N—5l—a. This grouping of these glasses of such very 

ir chemical durabilities serves well toemphasize that the'capacity of aglass t: 

a clear surface upon exposure to the atmosphere, and its chemica! dura- 

is conventionally determined are two inherently different properties. A 

mparison of the hygroscopicity values of the Corning 015 electrode glass with 

the optical and chemical ware glasses whose electrode capacity is very 

r suggests strongly that the pH response of a glass is primarily a function of 

groscopicity. Tests made on a limited number of glasses of the binary 

ries Na,O-SiO:, K,O-SiO,, Li,O-SiO,, and PbO-B,O; appear to reflect some of 
ritical compositions of the respective phase equilibrium diagrams. 
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I. INTRODUCTION 


The serviceability of optical glasses, namely, the ability to maintain 
clear polished surface under normal service conditions, is too often 
niused with the general subject of the “‘chemicel durability” of 
tlasses. However, as some of the common optical glasses are known 
(0 possess poor chemical durability over a wide range of conditions [1], 
out still render excellent service, it is evident that many of the methods 
LT 
res in brackets indicate the literature references at the end of this paper 
365 
687187—46——_3 
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proposed for determining chemical durability [2] throw little ,, 
no light on the problem of serviceability. By far the largest percentgp, 
of optical glasses are exposed to the air throughout their life of servi, 
Of the chemical constituents in the atmosphere that can affect glasses 
adversely, all of them generally react through an ionizing medium, ¢ 
which water is the most familiar and one which is always presen; 
From these simple considerations, general experience [3] and a limite) 
quantity of contradictory data on the adsorption of water by glas 
[4], it appears probable that the hygroscopic nature of an optic! 
glass is the primary factor with which serviceability is concerned. 


II. EXPERIMENTAL PROCEDURE 


The quantity of water vapor “‘sorbed”’ ? [5] on a flat polished surfae; 
by many glasses is so slight that its magnitude cannot be readily 
determined by means of the ordingry analytical balance. In orde; 
to increase the exposed surface sufficiently to obtain adequate sens. 
tivity, the glasses were crushed in a steel mortar and passed throug! 
a No. 150 sieve, 0.104-mm opening. A known quantity, approximated) 
1.5 g, of this powder dried at 110° C was then exposed in a shallo 
weighing bottle to controlled humidity conditions and the increas 
in weight obtained. 

Several modifications of the exposure were tried: 

1. A limited number of glasses of the binary series, Na,O-Si0, 
K,0-Si0,, and Li,O-SiO,, were exposed in a glass desiccator vessel, th 
base of which was filled with distilled water. A uniform high humidity 


within this chamber was maintained by means of an aspirator drawing 


air through a Milligan gas-washing bottle filled with distilled water. 
2. A set of glasses of the PbO-B,O, series were exposed to 98-percen' 
relative humidity obtained by a saturated solution of CaSO,.2H,0: 
3. A number of characteristic commercial glasses, including thre 
typical optical glasses, were exposed to 95-percent relative humidity 
maintained by a saturated solution of Na,HPO,.12H,O' 
In procedures 2 and 3 the humidity chamber was placed in an ai 


bath thermostated at 25° C, and the atmosphere in the chamber itsel/ 
was circulated by means of a small fan mounted in the ground-glas 


cover. 

To make comparisons between glasses of different densities, th: 
values are reported in terms of water sorbed per calculated equa 
surface exposed, i. e., water sorbed per cubic centimeter of powder, 0 


stated in terms of known factors, water sorbed times density divided 


by weight of sample. 


? Following the suggestion of McBain, the term “sorption” is used to express the results, regardless 
mechanism manifested. However, it is helpful in interpreting the data to remember that if equilibrium 
not attained quickly one is not dealing with pure adsorption but also with a solution of the vapor in ' 
interior of the solid (absorption) or an ordinary chemical reaction [6, p. 109}. 

* Although the relative humidities obtained by means of saturated salt solutions are not considered ver 


reliable, they furnish an easy means of comparing the hygroscopicities of glasses on a relative basis. sus 


of uncertainties lie in the difficulty of obtaining equilibrium rapidly and also in the sudden changes " 
realtive humidity arising at the moment a solution forms a crust over the surface. 
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ttle III. RESULTS AND DISCUSSION 
eN tag: 
aneie 1. GLASSES OF FOUR BINARY SYSTEMS 
glasses (a) NasO-SiOs, Ks0-Si0s, Lis0-SiO; 
um, of 
resent The data plotted in figures 1, 2, and 3* show the water sorbed- 
imited JMpercentage composition curves for glasses of the binary systems 
y glass MENa,O-SiO,, K,O-SiO,, and Li,O-SiO,, exposed from 1 to 6 days to the 
tical MPhumidity maintained by the aspirator procedure. The results obtained 
d. und the composition of these glasses are listed with the respective 
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Ficurs 1.—Water sorbed by Na,O-SiO, glasses as a function of their composition, 
after exposures of 1 to 6 days in the aspirator chamber. 


ed 
‘Analyses made by F. W. Glaze of glasses prepared by C, A. Fajck, 
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figures. All of the glasses of higher alkali content for the Na,0<j, 
and K,O-SiO, series became moist and some of them even went jn, 
solution. Nothing resembling an equilibrium value was attains 
after 6 days, indicating that true adsorption plays but a minor yy) 
and that absorption, reaction, and deliquescence are the predominating 
factors. The magnitude of the sorbed moisture correlates well wij) 
the known fact that the ability of these glasses to maintain a clog 
polished surface is very poor, but improves with increase in gijliq 









content. 

For the Na,O-SiO, series, the curve for composition plotted againg 
water sorbed (fig. 1) gives indications of breaks that suggest th: 
tic compositions of the phase-equilibrium diagram [7]. As thpy 


breaks persisted throughout the succeeding days of the test and we 
also characteristic of the K,O-SiO, series [8] (fig. 2) and the Li,0-Si¢, 
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FiGurRE 2.—Water sorbed by K,O-S8iO, glasses as a function of their compositi’ 
after eaposures of 1 to 6 days in the aspirator chamber. 
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), (fig. 3), it is probable that the results have some qualitative 
ince. This is further substantiated by the observation that 
iks indicated are essentially those shown by the more precise 
the densities of these same glasses published by F. W. Glaze 
s colleagues [10, 11], and for mdex of refraction on the Na,O- 
0, glasses [12]. 
The Li,O-SiO, glasses sorbed much less water than did the Na,O- 
0, and K,O-SiQ, series, and, in fact are known to be far superior to 
latter in their ability to maintain a clear surface. Although the 
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Fictre 4—Reversible and irreversible water for Li,O-SiO, glasses after 6 days of 
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plotted data show the results to be somewhat erratic (fig. 3), y, 
throughout the 6 days of exposure discontinuities are maintained y 
compositions suggesting the eutectic of the =—_ equilibrium diagray 
{9}. The smaller portion of the water sorbed was readily reversi}j, 
at room conditions, while the larger percentage was not reversijj, 
even at 110° C for 24 hours. The values obtained for the reversit), 
and irreversible water after 6 days of exposure are listed and plotta) 
in figure 4. The breaks of these curves are also qualitatiyd; 
in accord with {the density measurements on this series of glass 
[11], which reflect the critical compositions of the phase-equilibriyy 
diagram. 
(b) PbO-B;O; GLASSES 

A series of lead oxide-boric oxide glasses® were also tested for thei 

hygroscopic properties. A preliminary test indicated that sorptin 
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Figure 5.—Water sorbed by PbO-B,O, glasses as a function of their composili 
upon exposure to 98-percent relative humidity (appror.) at 25°C. 





100 


at 95-percent humidity would be so slight for certain members of tle 
proup that exposure to 98-percent humidity would be more desirabl 

he results obtained are listed in table 1, and values for the |- an¢ 
2-hour exposures are plotted in figure 5. Near 90 percent of Pil 
there is a sudden increase in hygroscopicity with increased lead ox 
content, as well as a strong tendency of these glasses ‘o devitril 


There is also a region of increasing bygroscopicity for the glasses *! 


PbO contents lower than 65 percent. etween 80 and 92 percent © 


PbO there is some indication of discontinuities in the plotted data for 


the 1- and 2-hour exposures. The compositions indicated can » 


rationalized with some pronounced critical points of the phase eq 
* Prepared and analyzed by Leo Shartsis in partial fulfillment of the requirements for the degree of Mas" 
942 


of Arts, George Washington University, February 1942. 
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jibrium diagram [13]; however, the paucity of data and the com- 
jlexity of the PbO-B,O; system make further evidence desirable. Not 
all the water sorbed by these glasses is reversible. The glasses of 
extremes in composition retain a large percentage of the water sorbed 
n 16 hours, with the glass of highest PbO content retaining the most. 


TapLe 1.—Water sorbed (mg/cm* by PbO-B,O, glasses at 98-percent relative 











humidity, 25°C 
a Water sorbed dur- iti | 
Glass ing exposure for— Irreversible 
Density ! water (at | 
—— ————| |__| _ 110° C) after | 
Pbo | BiOs | | the | she | eeeepesure 
| | 
Percent | Percent | 
51.71 | 48.29 3. 67 34.2 | 74.7 83.9 
56. 25 43.75 3.97 25.9 | 46.8 2.6 
| 60.99 39. 01 4. 32 17.0 24.9 —— 
| 66. 50 33. 50 4.76 9.7 | 16.6 0.9 
| 70.70 | 29.30 5.12 a9 | 132 | ‘ 
75.50 | 24.50 6.6 | 9.7 13.0 | 
| | | | 
79.93 | 2.07 | 5.99 9.3 20 | : 
| 82.08 17.92 | 621 | 7.9 | 108 2.0 
84.14 | 15. 86 6. 42 } 84 | 12.5 2.7 
85.98 | 14.02 6. 62 | 91 | 143 4.2 
88. 05 11. 95 6. 85 9.5 | 16.1 9.0 | 
89. 86 10.14 7.05 12.6 26. 1 35.5 
| 7.23 20.6 85.4 108.0 } 


91.91 | 809 








! Calculated by the equation (% PbO)? /1600+2=density [13]. 


2. COMPARISON OF SOME TYPICAL OPTICAL AND OTHER 
COMMERCIAL GLASSES 


The results obtained on a group of typical glasses (composition, 
table 2) exposed to 95-percent relative humidity for 1-, 2-, 4-, and 16- 
hour periods are listed and plotted in figure 6. As these glasses could 
not all be tested at one time, the glass from a dish that had failed to 
maintain a clear surface upon exposure to the atmosphere was in- 
cluded in both series. The samples for this glass were from inde- 
pendent screenings, and although they gave very satisfactory checks, 
they undoubtedly give an overly optimistic picture of reproducibility. 
Hence, for the purpose of ascertaining the serviceability of an unknown 
glass, it is necessary that reference glasses, such as the unsatisfactory 
dish and the satisfactory goblet, be included for comparison. 

The most interesting feature of the results is the position occupied 
by the optical glasses. The hygroscopicity test compares them favor- 
ably with the better chemical laboratory glasswares, such as Pyrex, 
Tamworth, Kimble N-51-A, and fused silica, a position they do not 
achieve in chemical durability tests [1]. Yet this juxtaposition of 
these very dissimilar glasses serves well to emphasize that the ability 
ofa glass to maintain a clear surface upon exposure to the atmosphere, 
and its chemical durability as conventionally determined are two 
inherently different properties. 

The Corning 015 glass used so successfully for glass electrodes [14] 
exhibits a high sorbing capacity, which undoubtedly contributes to 
its low electrical resistance and other desirable electrical properties 
15, p. 78]. The glasses of intermediate sorbing capacity, such as the 
American Ceramic Society bottle No. 1 [16] window glass, etc., show 
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| “tru obs sr hol DOL uw | ey) Ra: 
} 4 
yt / vx | Water 3: sorbed, milligrams per crt a 
L. / | Glass L eee, fowls r 
ail 2 < /6 
/ | Corrung OF a sts 28 
/ Dish (7 failed in service)| — he 34 sa. 
‘ *. s . ey 207 K 33 XS} 
j Goblet | 17 | 27 | Sf Ma 
Electric Troremete ler | 7 _ | 25 ss . - 
| Am. Cer Soc. Bottle Ss ae ee 
Winer Gloss | 12 | er |e] 
Blue Bottle | 9 | 17 | 26 | 30 
[o5C 5/7 | | ae | 59 | 55 | 
- 4 4 | wae 
. 620 45 | 40 | 56 | 48 
x 760-80 51% %O| 39 | 32 | 49 | 49 | 7 
= | Bal 572 13 | lt | 22 22 uf 
Gout Pyrex 40 | 27 | 25 18 
» | Fused Silica 07 | a0 | 20 ao J 
§ 
yy [00}— - 





Ss 80K — 


= L Corning Ol Ps oO ° 


























ic it ornsten | 
60} YO elect” 

bod ‘ am. Cer 508 Bottle No! _____———~*° | 
4-- : window 
C Cs Blue Bottle 
ti LL. BoC S72 

iff £ BSC 5/7 / _Pyren - 
F F 620 Fused Silica | 
Wy: J PbO-Bz0s / 4 
at — — 


Exposure, hours 


Ficure 6.—Comparison of optical and commercial glasses exposed to 95-percent relative 
humidity (approx.) at 25° C. 


asonably satisfactory performance as glass electrodes but are not 
nearly so sensitive as the 015 glass. Further, the glasses that have 
very low sorption values are completely unsatisfactory for general 
glass electrode work, for example, the BaC 572, F 620, BSC 517, 
Pyrex, and fused silic “A. 


IV. CONCLUSIONS 


The powder hygroscopicity method has been tried on glasses cover- 
ung a wide range of compositions and industrial uses. It offers con- 
. stg: ogee as a pertinent test for the serviceability of optical 
slassea, the ability to maintain a clear surface upon exposure to 
th stmeapiee re. It also possesses the unique advantages of simplicity 
ind speed of determination. It readily differentiates between the 
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glasses in common use and demonstrates that these glasses exhibit , 
very wide range of hygroscopicities, from the Corning 015 electrog, 
glass, whose pH function and low electrical resistance are dependen; 
upon its hygroscopic nature, through the container and sheet glasge; 
that for purposes of fuel economy and ease of working are made “jus 
good enough to get by,” to the optical and chemical-ware glasse 
whose usefulness depends upon the fidelity and permanence of they 
surfaces. The serviceability of glass surfaces as exposed to air js 
difficult to appraise, requiring much time for even a rough estimatio; 
but, within the limits of this uncertainty, the ability of glasses 4 
maintain optically clear surfaces is approximately in the inverse orde; 
to the rate at which water is sorbed by new surfaces. 
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SOLUBILITY OF CADMIUM SULFATE IN H,0-D,0 
MIXTURES 


By Langhorne H. Brickwedde 


ABSTRACT 


'he work reported here is a continuation of earlier studies on the effect of heavy 
ster on the electromotive force of standard cells. 

[he solubility of cadmium sulfate was measured in heavy water and in normal 
ate This salt was found to be about 8 percent less soluble in heavy water 
an in normal water in the temperature range —1° to +70° C. 

4t 43.6° C, CdSO,-8/3H.O, CdSO,-H,O, and saturated H.O solution are in 
brium. CdS0O,-8/3D,0, CdSO,-D,0, and saturated D,O solution are in 
brium at 45.4° C. 
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I. INTRODUCTION 


The solubility of cadmium sulfate in H,O-D,O mixtures was studied 
sa part of the work on standards of electromotive force dealing with 
he effect of D,O on the electromotive force of standard cells. Two 
oups of cells described in earlier publications [1, 2] ' have been made 
vith mixtures of H,O, HDO, and D,O. 


II. MEASUREMENTS 


solubility of cadmium sulfate was measured from —1° to 
72° C in water that varied from 0.02 (normal water) to 99.5 mole 
cent D,O. The experiments were made by continuously agitating 
ystals of cadmium sulfate in contact with the various aqueous solu- 
ons for periods varying from 24 to 300 hours. In most of the experi- 
l- to 2-gram samples of the clear solution were removed for 
nalysis. The CdSO, content was determined gravimetrically as 
\dSO, after heating the carefully dried sample in a muffle at 680° to 
“0° Cin a stream of SO; gas. In a few experiments, those at 23.5° C, 
‘composition of the saturated CdSO, solution was determined by 


el 
s in brackets indicate the literature references at the end of this paper. 
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synthesis. Weighed amounts of CdSO, were added to a known weigh 
of water until only a very small amount of the crystals remaino 
undissolved after being shaken with the solution for 24 hours or longs; 

Because cadmium sulfate dissolves very slowly, considerable atte. 
tion was given to the matter of obtaining saturated solutions. At eac) 
temperature the salt was agitated continuously with the solution fo 
very long periods of time—usually from several days to a week ¢ 
longer. Sather from some solutions a second sample was taken {o; 
analysis after an additional shaking period of 20 hours. In some casa 
two flasks with the same solvent with different proportions of crysta\ 
and solution were agitated simultaneously, and the solutions froy 
each were analyzed. 

The solubility measurements for the monohydrate, CdSO,-H,0, x 
29° and 72° C were made in a different way from the measurements 
described above. The solutions were allowed to remain in contact with 
CdSO,-H,0 crystals for 4 or 5 days and the flasks were shaken inte. 
mittently. The temperature varied by +2 degrees centigrade: 
These data are much less precise than the other data of this report 
They are included, however, because they greatly extend the tempen. 
ture range of the monohydrate solubility curve. 

Many of the earlier measurements above 40° C have not been ip- 
cluded in the results reported here because of the uncertainty of which 
crystal hydrate was in contact with the solution. Above 40° C th 
solutions were saturated in ampules in a water bath controlled t 
+ 0.05 degree because of the need of determining the hydrate transition 
temperature [3] and because of the greater change in solubility wit! 
temperature at the higher temperatures. 

The deuterium content of the water was determined by density 
measurements after vacuum distillation of the samples. The volum 
was measured in a 0.4-milliliter pipette with calibrated inlet and 
outlet tubes. Weighings to +10 micrograms were made on a high- 
precision balance by transposing the A ewry and tare. The total 
deuterium content was calculated as D,O, and is expressed throughout 
as mole percent D,O of the water, although HDO was of cours 
present. 

The solubility measurements are reported for waters containing 
0.02, 6.0, 50.0, 80.0, and 99.5 mole percent D,O. In cases where th 
D,O content varied slightly from these values, the solubility values 
were adjusted for the differences and are given for the five D,0 
concentrations listed here. 


III. EXPERIMENTAL RESULTS 


PER MOLE OF WATER 


CdSO. 


SOLUBILITY, MOLES 


The experimentally determined solubilities of cadmium sulfate 
expressed as moles of CdSO, per mole of water, in normal water 
(0.02 mole percent D,O), 6.0, 50.0, 80.0, and 99.5 mole percent D,0 
are shown in figure 1 as they vary from —1° to +72° C. 

From —1° to +43.6° C the crystal phase in stable equilibrium 
with an H,O solution of cadmium sulfate is CdSO,-8/3H,O. Above 
43.6° the more stable crystal modification is CdSO,H,O. The curve: 
on the left in figure 1 represent the composition of solutions in equilil- 
rium with CdSO,-8/3aq. The nearly parallel straight lines of the 
figure represent the composition of solutions in equilibrium will 





Solubility of Cadmium Sulfate 379 





weigh 7 
1alneq | “ \ 
atten. | 
| | 

| 

i 


. 

| ‘ 
| X 
©,@ C02 Moe Percet 0,0 
(ormet Weter) 

60 Mote Percent 
$0 tye Forgan G0 
e000 * . 
"s * ? 





Tt each 
On for 
eek op 
en for 


@*ere 


WATER 
. 
ac? wu 





OF 





CdS0, -% aq 


> CASes 
"ystals 





: from 








0 4 CdSO, “log 
2V, at 
ments 
t with 
1D ter- 
prade 
eport 
ipera- 


CdSO, PER MOLE 


NIN 
“ 








MOLES 














SOLUBILITY, 


en in- ‘ 
which , } 
C the 
ed i" 
$1tion 


Will 




















| 
L 
3 40 








— EE 


TEMPERATURE °C 


























Nsity 


cm FicurEe 1.—Solubility of cadmium sulfate in H,O-D,0 miztures. 


| d Numerals indicate number of observations represented by a single point. 

high- 

tota CdSO,-laq. The equilibrium temperature for CdSO,-8/3H,0, CdSO,- 
rhout H,0, and saturated H,O solution is 43.6° C at atmospheric pressure. 
ours On the other hand, for CdSO,-8/3D,0, CdSO,-D,0, and saturated 
D,O solution the equilibrium temperature is 45.°4 C. These equilib- 
ining rum temperatures and those for mixtures of the hydrate and 


e th deuterate are given in table 1. The temperatures are those of the 
alues intersections of the two solubility curves for each H,O-D,O mixture. 
D0 The compositions of the saturated solution in equilibrium with the 


two crystal modifications are also given in table 1. 


TaBLe 1.—Equilibrium temperatures for CdSO,-8/3aq, CdSO,-laq, and saturated 





solution 
fate ———— ——————————— an WG i ne ee — — —_—_—_— 
vater mposition of solvent, mole percent D;0..| 0.02 6.0 | 50.0 | 80.0 99.5 100. 
Equilibrium temperature, °C. ‘ 43. 6 43.9 | 45.0 45.3 45. 4 | 45.4 
D,0 imposition of saturated solution, moles | | | 
| 0.06430 0. 06317 } 0. 06314 
| 


of CdSOx per mole of water. - --| 0.06833 | 0.06803 | 0.06592 


' 


rium , seaah 1c? 
bors The experimentally determined solubilities plotted with respect 
aN to temperature, shown in figure 1, are also plotted as a function of the 
al D,O content of the solvent in figure 2. Thirty points which can be 
the read from each set of curves agree very closely, the mean deviation 
with being 0.06 percent. The best values for the solubilities of cadmium 
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sulfate in H,O-D,O mixtures are given in table 2. These values wey 
read primarily from the curves represented in figure 1, with less weig}y 
being given to values read from the curves of figure 2. The values 
have been smoothed with respect to temperature intervals and {o, 
differences in D,O content. The mean deviation of the 68 experi- 
mental points from the curves shown in figure 1 is 0.16 percent. 
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° 25 50 75 100 
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hiaure 2.—IJsothermal lines for the solubility of cadmium sulfate in miztures ” 
H,O and D,0. 
Numerals indicate the number of observations represented by a single pcint. ey 
The experimentally determined solubilities extrapolated to th on 
solubility in 100 mole percent D,O, designated as Spo, are givel 
in column 8 of table 2. The differences in solubility in H,O and — 
DO, Su o— Spo, are shown in column 9 and the percentage difference: _ 
. . eT. KCI 
in column 10. The CdSO, content is about 8 percent less for CdSO,- 
8/3D,0 in D,O than for CdSO,-8/3H,O in H.O. The CdSO, content no 
aC) 


is about 7.3 percent (6.9 percent at 45° and 7.7 percent at 60° ‘ 
less for CdSO,-D,0 in D,O than for CdSO,H,O in H,O. 
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TABLE 2.—Solubility of cadmium sulfate in H,O-D,O miztures 
[Moles of CdSO, per mole of water] 








; | 

| sa8 
ro | Composition of solvent, mole percent D30 Denies of of solubility in 
| pera- | H;0 
ture | 0.02 | 6.0 50.0 80.0 00.5 | 100 




















| °c “Sapo | *Spp0| S,0—Sp,0 | S810 800 a0 
© |0.08546!0. 06511/0. 06285 0. 06131 (0. 06029)0. 06026, 0. 00520 —o 72.0% 

5 | .06555| .06520| . 06294) 06138) . 06036] . 06033) . 00522 7. 96 
10 | ..06566| . 06531) . 06305] | 06147) .06045/ | 06042! . 00524) 7.98 
15 | .06580) .06545) . 06319] .06159) . 06058] . 06055 . 00525) 7. 98 
20 | ..06600| .06565) . 06339) . 06177) .06076| .06073 . 00527 7.99 
23. 5| .06619) .06584| . 06358} . 06194) . 06093] . 06090! . 00529 7.99 
socal { 25 | .06627) .06592) . 06366} . 06202} .06100) . 06097! . 00530 7. 99 
30 | .06663) .06627) .06402| . 06236) . 06133] . 06130) . 00533 7.99 
35 | .06710) .06674) .06449| .06281) .06177| .06174) . 00536) 7.99 
40 | .06773| .06737| .06512| .06342| . 06235) . 06232) . 00541) 7.99 
42 | .06803) . 06769) .06542) . 06371) . 06263) . 06260) . 00543 7. 98 
45 | .06857| .06823) .06504) .06423) .06314| . 06311 . 00546) 7. 96 
\ 50 | .06966) . 06932) . 06606) . 06530 Ss . 06415) . 00551) 7.91 

| | | 

45 | 06797 . 06775} .06591| .06440) . 06330) . 06326 . 00471 6. 93 
50 | .06659| . 06638) .06448) . 06299] . 06185) .06181 . 00478 7.18 
55 | .06522| .06501) .06304) .06159) . 06041) . 06037 . 00485 7.44 
60 | .06385| .06363) .06159) .06019) .05897) . 05893 . 00492 7.71 
65 | .0624 |__.__- ete Be’ Nase, ioe. SPP a > Ses : 
70 . 0611 i > — SV ” - seecunee 
72 | .0605 | at ae ee : 





jenotes the solubility of cadmium sulfate in 100 percent of H;O or in normal H;0 (0.02 percent 


lenotes the solubility in 100 percent D;0, 


IV. COMPARISON WITH OTHER DATA IN THE LITERATURE 


No other data were found in the literature for the solubility of 
imium sulfate in D,O. The solubilities of several other salts in 
D.O have been reported, and these data are summarized in table 3. 
Except for SrCl,, the difference in solubility in H,O and D,O of the 
other salts is of the same order of magnitude as for CdSO, in the 
temperature range of the present work. 


3.—Comparison of solubility of CdSO, and some other salts in H,O and 

















D,O 
Solubility in H;0, Sn,0—5p,0 100 Tempera! Authors 
Su:0 Sz,0 | ture | 
Moles anhydrous 
salt per mole H:O Percent | %¢ | 
30,-8/3H.0 a 06543 7.94 | 0 | National Bureau of Standards. 
se en = . 06768 | 7.99 | 40 | Do. 
180, Hs0 { 06797 | 6.93 | 45| Do. 
a a rr | . 06385 | 7.71 | 60 Jo. 
; | . 0173 13 | 5 | Miles and Menzies [4). 
uSO,y-5aq " | . 0324 5.0 40 Do. 
— . 0847 1.7 95 | Do. 
uSO,4-3aq . 0868 1.0 100 | Do. 
a | [ - . 0502 0.4 | 0) Do. 
SrCly-6aq { .0738 =-1.7 | 40 Do. 
| { .os91 | —3.8 | 55 | Do. 
— { - 1001 20 | 65| Do. 
} . 1338 —0.3 125 Do. 
-| . 1455 3.2 | 135 Do. 
. 0680 16.4 | 0 | Shearman and Menzies [5]. 
= .0967 | 6.7 40 _ 
1723 1.8 | 160 0. 
| "0309 11.8 | 2 | Taylor, Caley, and Eyring (6) 
| lll 7.8 25 Do. 
{ . 1107 5.4 25 Chang and Chu [7]. 
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Chang and Chu [7] worked with NaCl in eight water mixtures frop 
0.02 to 99.59 mole percent D,O. They found that the solubility of 
NaCl at 25° C decreased linearly with the increase in D,O aoe nt f 
the water. Our data for CdSO, show that only at 0° and 50° C does 
a strictly linear relation hold. At the other sendibaaseuet & in this 
investigation, 23.5° to 60° C, the curves are slightly concave downwar) 


(fig. 2). 



































O75 3, 
eo 
oO s 
>, " 
=x 
Ww e. 
J ‘ - 
5 070 a inane 
= | . ad 
— | na 
© CdS0,4-&, H,0 | 
é 3H CdS04-H20 
3 | , eo _s : 
“” bad ° m ge? \ 
O° 000)... 22995 . ie 
rf 
a “ 
ro) | 
= } 
z 060 NBS. Tome 211945) _ ‘ a 
= @ NES Experiment Voives ] 
Fa VY Fisttmenn 0928) 
5 @ Cohen ond Walters (1920) ‘ 
-— 4 von Steinwehr (1902) | ‘ 
oO © Konstamm ond Cohen (1896) | 
w @ Myles ond Funk (1697) 
055 eo wien : 
t j @. 
| } 
| | | 
| \ 
| | 
| } 
0.050 | | = 
-25 1°) 25 50 75 100 


TEMPERATURE °C 


Ficure 3.—Solubility of cadmium sulfate in H,O as given in the literatu 
from NBS measurements. 


The solubility of CdSO, in H,O has been measured by a number 0! 
workers [8, 9, 10, 11, and 12]. Some of these determinations and th’ 
values reported here are represented in figure 3. ‘The curves represett 
our best values for the solubility in H,O as given in table 2. Below 


40° C they are in good agreement with many of the earlier measure- 


ments. Because the earlier experimenters did not recognize the fa 


that the transition from the 8/3 hydrate modification to the mono- 


hydrate crystal occurred as low as 43.6° C and were working with th 


salt in a metastable condition, the earlier work deviates sharply from 


the values reported here at the higher temperatures. The occurrence 
of the transition between 43° and 44° C has been reported earli 


[3]. In the earlier report, the equilibrium temperature for the two 


hydrates and the saturated solution was given as 43.4° C. The mor 
extensive measurements reported here indicate that 43.6° is probabl 
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a better value. The solubility data given in table 2 of this paper are 
also based on more extensive data than the values of the earlier report, 
from which they differ slightly. 


V. SUMMARY 


The solubility of cadmium sulfate in H,O-D,O mixtures varying 

from 0.02 to 99.5 mole percent D,O has been determined over the 
temperature range —1° to +72° C. Values for the solubility of 
CdSO,8/3aq and CdSO,laq are given for the various H,O-D,O 
mixtures. The CdSO, content of saturated solutions is about 8 
percent less in D,O than in H,O. 
' The equilibrium temperature for CdSO,-8/3aq, CdSO,-1aq, and the 
saturated solution has been determined from the intersection of the 
solubility curves for the two crystal modifications. The equilibrium 
temperatures are 43.6° and 45.4° for H,O and D,O solvents, respec- 
uvelyV. 

The author gratefully acknowledges the assistance of Dr. George 
W. Vinal, under whose direction the work reported here was carried 
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A GLOSSMETER FOR SMOOTHNESS COMPARISONS OF 
MACHINE-FINISHED SURFACES 


By Richard S. Hunter 





ABSTRACT 


\s shininess is one indication of surface smoothness, a photoelectric glossmeter 
was developed for possible use as a production-inspection device for evaluating 
» roughness of fairly coarse machine-finished surfaces. A near-grazing angle, 
75 degrees, was chosen for the measurement of gloss. Therefore, specimens of 
the type having narrow ridges of metal between adjacent tool cuts are rated low 
gloss, or rough. Although the glossmeter essentially measures the fraction of 
inshadowed surface that is nearly parallel to mean surface, the instrument 
resulting from the present development has proved to be a simple and useful 
vice for making rapid comparisons of the roughness of surfaces machined with 

t the same feeds. 
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I, INTRODUCTION 


Recently the National Bureau of Standards was asked by the War 
Department to suggest a rapid and simple production-inspection 
method for comparing the roughness of somewhat similar machine- 
finished surfaces. The roughness of the surfaces ranged between 100 
and 500 microinches root-mean-square deviation from mean surface. 
The method was needed for identifying the rougher surfaces in this 
range that could not be rendered smooth by the application of single 
sprayed films of paint. 

As shininess is one indication of surface smoothness, a photoelectric 
glossmeter was developed and tried for the purpose. A photoelectric 
reading of the gloss of a surface can be made quickly with this ap- 
paratus, which is inexpensive and does not damage the surface. 
Because the roughness involved is about one-thousand times as large 
as that which may affect the gloss of surfaces, every test surface has 
to be coated before gloss measurement with a liquid that will fill its 
microscopic cracks and pores. Without such a coating, it is impos- 
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sible to separate the gloss effects of microscopic irregularities from 
those of larger irregularities. The choice of a liquid for the purpose 
is described below. 


II. THE GLOSSMETER 


In planning the glossmeter, a near-grazing angle of specular reflec. 
tion, 75 degrees, was chosen for two reasons: (1) low-gloss readings 
(indicative of coarseness) would thereby be given to any specimens 
having narrow ridges of metal extending appreciably above mean sur. 
face, and (2) the specular reflectance of the required coating liquid is 
much higher at this angle than the specular reflectance of the under. 
lying metal surface covered with liquid; therefore, variation of the 
gloss of the underlying surface has relatively little effect on glossmeter 
reading. 

In choosing the parts for the apparatus illustrated in figure 1, a 
barrier-layer photocell was selected because of the simplicity of the 
electrical equipment required with it. A standard five-cell flashlight 
lamp, which possesses a small concentrated filament, was chosen for 
the light source. A inch lens having a focal length of 4 em was 
selected because it provides a narrow beam of high flux density. 















































Ficure 1.—Vertical cross section of 75-degree glossmeter showing lens (L), specimer 
in position for measurement (S), window to photocell chamber (W), and barrier- 
layer photocell (P). 


In the glossmeter shown in figure 1, the converging beam from the 
lens is directed onto a machined surface at right angles to the too! 
marks. The light specularly reflected by the surface proceeds toward 
the photocell chamber. The small window at the entrance to this 
chamber admits only rays of reflected light whose average deviation 
from the direction of mirror reflection does not exceed 6.5 degrees. 
The interior of the chamber is coated white to conserve the light that 
enters. 

The body of the instrument is built chiefly of duraluminum. With- 
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it handle, it is 25 by 8 by 4cm in size. The grip handle makes the 
init easy to position on specimens under test. 

The control case (fig. 2) that accompanies the glossmeter contains 
, pointer-type galvanometer for registering photocell current, a 10- 
ohm rheostat for controlling the lamp current, a switch, and a small 
110- to 6-volt transformer. As shown in figure 2, room is provided in 
the case for the glossmeter, connecting cable, and a small bottle of the 
liquid used to coat test surfaces. 

The new glossmeter was designed primarily for measuring surfaces 
machined by lathe. ‘The beam of light was restricted to small dia- 
meter so that test surfaces that are parts of cylinders or cones can be 
measured. As shown in figure 1, the plane of the test area must be 
placed in the plane of the bottom edges of the glossmeter. With 
cylindrical or conical test specimens of like size and shape, this place- 
ment may be conveniently obtained by attaching templates of the 
proper design to the sides of the glossmeter (see fig. 2). 


III. USE OF THE GLOSSMETER 


Values of 75-degree specular reflectance are proportional to 
leflections of the galvanometer. Polished black glass is a conven- 
ient standard to use with the instrument. The 75-degree specular 
eflectance of the average piece of black glass is 26 percent." 

Liquid-coated steel surfaces of the type being studied were found 
to reflect from 2 to about 25 percent of the incident beam into the 
nhotocell chamber. In using the glossmeter, an operator first places 
ton a clean, polished black-glass standard and adjusts the rheostat 
il the galvanometer registers a 26-division deflection. When this 
adjustment is made, values of specular gloss are read directly as 
leflections of the galvanometer. 

The specular reflectances of 10 steel specimens machined in 8 
liferent shops on lathes using feeds of from 0.017 to 0.025 inch were 
measured with the glossmeter. The root-mean-square roughness 
values of the same specimens were measured ? with a Profilometer.’ 
The surface of each test specimen was measured with both instru- 
ments at four selected areas. The results of these measurements 
are compared graphically in figures 3 and 4. 

It proved difficult to find a coating liquid that would fill micro- 
scopic cracks and pores, without filling the larger cavities. The 
liquid necessarily had to have low surface tension and low viscosity. 
Kerosine and Stoddard solvent were first tried. A 90-second 
waiting period was required after Stoddard solvent was brushed 
generously onto a specimen so that the excess liquid could drain off 
and leave a film conforming to the major surface irregularities. As 
shown in figure 3, good separation of the machined surfaces according 
to their roughness was obtained with Stoddard solvent. Films of 
kerosine also performed satisfactorily, but a draining period longer 
than 90 seconds was required. 

The draining period required after an application of Stoddard 
solvent or kerosine is objectionable in a method for production inspec- 


KT 
ry Moore and R. S. Hunter, Use of liquid surafces as standards of specular gloss, J. Am. Ceram. 
( , 167 (1941). 
* By C. E. Haven, of the National Bureau of Standards Gage Section. 
E.J. Abbot, 8. Bousky, D. E. Williamson, The Profilometer, Mech. Eng. 60, 205 (1938). 
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Ficure 3.—Relation between values of roughness measured with the Profilomeler 


and those of gloss measured with the Stoddard solvent as the coatwng lig 


Measurements were made on steel specimens machined in 10 different shops. Dotted line represents rela 
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1.—Relation between root-mean-square roughness measured with the Profil- 
r and gloss measured with mixture of light mineral oil and carbon tetrachlo- 
as the coating liquids. 


btained from the same test areas as those plotted in figure 3. Dotted line represents relation 
computed for sine-shaped profile. 
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tion. In addition, there is only a brief period after draining in which 
the gloss values of such coated surfaces remain stable. Thus, aboy 
30 to 45 seconds after the excess solvent drains to a thin film conform. 
ing to a machined surface, this film starts to disappear because of 
evaporation. The problem of timing gloss measurements when using 
these liquids is further complicated if specimens are warm, as is ofte 
the case after machining operations. Rates of evaporation vary Wi 
temperature, and draining schedules vary correspondingly. 

Because of the objections to kerosine and Stoddard solvent, mixtur 
containing a volatile liquid and a nonvolatile liquid were tried. Ligh; 
mineral oil was used in these mixtures to provide nonevaporating films: HB joy 
volatile solvents, such as carbon tetrachloride and methyl chloride, HH fo, 
were used to give the mixtures low viscosity and therefore rapid HB too) 
spreading action. A mixture of roughly 10 parts of volatile liquid to BR yoh. 
1 part of light mineral oil was found to give the best results. fount 

The methyl-chloride mixture furnishes a film suitable for measur. HR inch 
ment 5 seconds after it is applied to a machined surface; the carbon- I poss 
tetrachloride mixture furnishes a suitable film 20 seconds after applica- HB eyry, 
tion. The liquid film remaining on the machined surface is nonvola- BR oot); 
tile. Thus, if not damaged by contact with other objects, or by dust &; 
and dirt accumulation, these oil-coated surfaces remain suitable for 
gloss measurement for many hours. 


IV. COMPARISONS OF GLOSSMETER READINGS WITH 
ROOT-MEAN-SQUARE DEVIATIONS FROM MEAN 
SURFACE 


The scatter of points in figures 3 and 4 is greater than might be 
desired. However, it is not “surprisingly large when the variety of 
profiles that mac hined surfaces m: Ly possess is considered. 

In order to verify in an approximate manner the experimental 
findings recorded in figures 3 and 4, a comparison of surface roughness 
and gloss was made by computation. For this comparison, different 
machined surfaces were assumed to have profiles at mght angles to th 
direction of tool travel, which can be represented by the equation 


h=hues sin Z, 


where h is the height above mean surface. When /msz is equal to t! 
distance between tool cuts divided by 22, a profile having the shap: 
of a sine curve crossing the mean surface at 45 degrees results; as bh». 
approaches zero, the profile approaches a straight line. 

The root-mean-square deviation from mean surface of a machin 
surface whose profile is defined by the above equation was shown | 
Way * to be 

heme =0.708/maz- 


The value of specular gloss obtained from a machined surface wi 
the present glossmeter is determined by the fraction of the surfac 
reflecting light into the photocell chamber. The glossmeter was bul 
to accept all light reflected within 6.5 degrees of the direction ‘ 

48. Way, Description and observation of metal surfaces, Proc. special summer conference on frict 


surface finish, p. 44, Massachusetts Institute of Technology, 1940. (Published by Murray Print 
Cambridge, Mass.). 
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which Mreflection from a smooth surface. Because a reflected beam rotates 
about Metwice as fast as the surface which reflects it, the only areas of a test 
form. fmesurface that can thus direct light into the photocell chamber are those 
se of Me less than 3.25 degrees from parallel to the mean surface. 

using The fraction of the incident beam that is reflected into the photocell 
often Mchamber by a machined surface measured across the direction of tool 
with Mtravel can be shown from the above considerations to be 


R= (1 “= cos~'0.0064 Nims \Rrnee 


rorhs 
ims; Mi where \ is the feed, or distance between tool cuts, and Rmax is the 
pher reflectance that the coated metal surface would have if flat. The 
tool feeds for the steel specimens used in this study were about 0.020 
inch. The glossmeter readings for the smooth steel specimens were 
found always to be 25 or 26. For these reasons, \ was made 0.020 
inch and Raz Was made 26 in computing the expected relation between 
gloss and Arms. This relation is shown graphically by the dotted-line 
curve in figures 3 and 4. When the probable differences between 
actual profiles and assumed profiles are considered, the agreement 
between computed and observed data is considered reasonable. 


V. SUMMARY 


A glossmeter has been developed for use in comparing the roughness 
of machined surfaces. Although this instrument actually evaluates 
that fraction of surface area nearly parallel to mean surface not 
shaded by peaks, the instrument gives rapid and reasonably reliable 

mparisons of the roughness of different surfaces prepared with 
about the same tool feeds. Because glossmeter readings depend on 
the profile shapes rather than profile dimensions, the glossmeter is not 
a suitable instrument for roughness comparisons where tool feeds 
lifer appreciably from specimen to specimen. 


WASHINGTON, January 7, 1946. 
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ABSORPTION AND SCATTERING BY SOUND-ABSORBENT 
CYLINDERS 


By Richard K. Cook and Peter Chrzanowski 


ABSTRACT 


he absorption and scattering of a plane wave of sound by an infinitely long 
ar cylinder whose axis is perpendicular to the direction of propagation of 
e wave are calculated. The surface of the cylinder is assumed to have a known 
rmal acoustic impedance. The calculations take account of diffraction effects. 
\bsorption measurements were made on long cylinders placed in a reverberation 
m, where the incident wave directions are at all angles to the axes of the 
nders, and were compared with the calculated values. In order to make 
comparison, the reverberation-room statistics appropriate for cylinders (which 
lifferent from the statistics for flat patches of absorbent material) are devel- 
ed and applied. The theory predicts, and measurements confirm, that ab- 
t cylinders can have coefficients of absorption greater than unity. Fairly 
i agreement between the calculated and measured coefficients is found. 
reverberation-room statistics appropriate for spherical absorbers are also 
1, although no measurements were made on spheres. 
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I, INTRODUCTION 


Acoustic materials, which are used to reduce noise and control 
reverberation in rooms, are usually applied directly to walls and ceilings. 
Recently manufacturer has developed an acoustic treatment that 
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consists of the installation of sound-absorbent material in the shape of 
long circular cylinders located at a distance from the walls. Rooms y 
which it is not possible to apply acoustic materials to the walls an; 
ceilings can thus be treated acoustically. 

In order to extend the absolute measurement of sound-absorptig, 
coefficients, it is important to study both theoretically and exper. 
mentally the absorption of cylinders having a known norma! acoust 
impedance. Owing to diffraction effects, the absorption is an entirely 
different function of frequency than is the absorption of a flat surfae: 
of the same material having an area equal to the peripheral are ™ 
Also, sound waves can approach a cylinder from all directions, wheres Hi , 
acoustic material on a flat wall can be approached by sound wave 
through a solid angle of only 2x. This means that the reverberation. E 
room statistics for a cylindrical absorber will be different from thox \ 
for a flat patch of absorbent material on the wall. 


and 
pot 











II. WAVE FIELD SCATTERED BY AN ABSORBENT [Bh 
CYLINDER and 


Consider the absorption and scattering of a plane single-frequency i !. 
wave by an infinitely long circular cylinder of sound-absorbent materis) 
whose axis is assumed to be perpendicular to the direction of propaga.  "*’ 
tion of the wave. The ratio of sound pressure at a point on the surface: 
to the component of particle velocity normal to the surface is assumed 
to have a constant value, the normal impedance Z, independent of T 
location of the point on the surface. This is equivalent to assuming I~" 


that the acoustic effects of motion of a point on the surface are trans. oa 
mitted to other points on the surface only through the surrounding 
air and not through the body of the cylinder. a 
Way 

p= 

The 

whe 

aDS¢ 

Zw 

surf 
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Ficure 1.—Representation of absorbent cylinder. 


If the distributions of sound pressure and particle velocity ar 
independent of 2 (incident wave fronts parallel to the z-axis, whicl 
coincides with the axis of the cylinder, as shown ia fig. 1), what is the 
scattered wave field? 
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Let & be the generalized wave number of the incident plane wave, 


oo maand let w be the generalized angular velocity. Then the velocity 
is and fa potential is 

u } = doe! e*—**) = gree" cos ¥) 
Tption e 
CXpen- =o | Jo(kr)-+2 z (—1d, (kr) cos po [et (1) 
coust) = 
ntirely MF and there is no loss of generality in supposing ¢=1. This well-known 
surfac xspansion of ®, in a series of Bessel functions J,(kr) is convergent 
| ares MB for all values of rand 38. The introduction of Bessel functions facili- 
heress MF tates satisfaction of the boundary conditions at the surface of the 
Wave MM absorbent cylinder. 
ration- Besides the incident wave there is a wave scattered by the cylinder. 


| thos MA function which satisfies the wave equation and which represents 
| outgoing wave, as can be seen by its asymptotic expansion for 
large r, is (J, (kr) —7Y,(kr)je“* cos wd. The function Y,(kr) is the 
IT other solution of Bessel’s differential equation, as defined in Whittaker 
and Watson’s ‘‘Modern Analysis.”’ This function is sometimes denoted 
by N,(kr). The entire expression J,(kr)—iY,(kr) is Hankel’s function 
pene i (kr), | | 
aterial Hence @ general expression for the velocity potential of the scattered 
opaga- yave 1s 


M8 


urfac: = 
sumed te 
ent of 
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inding 


> b,(J,—7Y,)e™! cos pd. (2) 


ql 


~ 


The 6,’s are constants to be determined by the boundary conditions 
at the surface of the cylinder, and the Bessel functions J, and Y, 
are understood to be functions of kr. Terms involving sin yd do not 
appear, as can be seen from considerations of symmetry. 

The total velocity potential due to both incident and scattered 
waves is @=@,+4,. The total sound pressure at any point is 
p= —p(0/dt), (p=density of air) and the radial velocity com- 
ponent, which is normal to the surface of the cylinder, is v,=(0/Qr). 
The boundary condition at the surface of the cylinder is 


p=—Zv,, (r=a), (3) 


where the constant Z is the usual normal impedance. The negative 
sign must be used because the positive direction of v, is out of the 
absorbent surface ,whereas it is customary to measure the impedance 
2 with the positive direction for particle velocity into the absorbent 
suriace. 

Calculation of p and v, from the total velocity potential ® and 


substitution into eq 3 yield the following equations for determination 
i the b,’s: 


Z 


pc 


[Jo+bo(Je—i¥e)]+i[Jo+bo(Jo—i Yo) ]=0 


which = [2(—i nS. +-0,(4—i¥ 14+ i[2(— J, 4+0,0,-1¥,)]=0 (4) 
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in which it is understood that J,=J, (ka), i=), and similarly 
for Jo, Jo, Yo, ‘o Ys, Y,. The quantity ¢ is the velocity of sound, rive: 
After the b,’s are computed from eq 4, substitution into eq 2 will yield 
the final expression for the velocity potential of the wave scattered 

by the absorbent cylinder. The scattered wave potential has possible 
applicatons in the design of dead rooms and reverberation rooms. 


III. ABSORPTION COEFFICIENT 


The total time-averaged acoustic power, P, absorbed by un 
length of the cylinder from the incident plane wave can be re adily ° 
computed with the help of the b,’s given in eq 4. 

Let p and »v,, both functions ‘of v, be the sound pressure and the 
normal component of particle velocity, respectively, at a point on the 
surface of the cylinder (see fig. 1). Then the force due to the sound 
field on the shaded strip shown in figure 1 is —apdd. In complex 
notation, 


p= |plelt+e 0,= \v,| elot+en 
where ¢, and ¢, are phase angles. Therefore, the time-averaged 


power, dP, of the force —apd# causing the velocity 2, is 


dP=—}\|p| |v,|a cos(¢,— ¢2)dd 


{ 
uiUi 





By hypothesis, p=—Zv,, and if Z= ® then $;—¢)=7+ 
Substitution into eq 6 and integration yield for the total time-averaged 
power absorbed by unit length of the cylinder 


a cos 6 . oT 
P="9Z| Shin avd i ici 
The Fourier series for p can be written 


oo 
p=)>> 4a, e* cos ud, § 


w=0 


in which the ay’s are, in general, complex numbers. 
Substitution of eq 8 into eq 7 yields 


Pa {IX 5}, a?+4 >) | a,!? (Y n re 


The a,’s are found by computing p from the total velocity potenti’. Biy ~ 
a,= —twp[J,+6,(J.—iY,)] 
a, = —iwpl2(—i)*J,+b,(J,—i¥,)] 4, 10) An 
p=1,2,8,.... her 
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which, just as in eq 4, it is understood that J,=J,(ka), ete. 





larly sybstitution of the values of b, obtained from eq 4 into these equations 
und, ves 
yield . 4 Zi I 
do\"= : ; ’ 2 
ered ra bs ‘ —- , or ul 
sible ——(do—t¥o) 4 i(J,—iY,) 
p 
(11) 
, 412? 4 
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Finally, a definition of absorption coefficient is needed. The 
| me-averaged acoustic power transmitted by the incident plane 
i ive through unit area is Py=wpk/2. The power absorbed per unit 


ripheral area of the cylinder is P/2ma. We define the absorption 
yung t a, for a plane wave incident normally to the axis by 
Dey . 
> 
a, = 12 
> 22aP>. (12) 


shown in section IVY that the random incidence effective 
aged sorption coefficient for a cylinder measured in a reverberation 
greater than a, by a factor of x if the Sabine reverberation 
is used to compute absorption coefficient from measured 
times. We define the reverberation-room absorption co- 
t a, by 


ir 


aged a;= p= 5aP, (13) 


th a, and a, are expressed in sabins per unit peripheral area. 
- The final expression for the reverberation room absorption co- 


ficient 1s 
4 Z| cos 6f 1 y 1 
, wo Se ae et Se asf 
pec ka, | “= =(Jo—i Yo) +i(J.—i¥,) 
Q I pe | 
> 2 | 
| , = Fr - —— — — : 2 4 
pat _ Ze 7 iY;)4 i(J,—iY,) | (14) 
pe 
th known values of Z and suitable tables of Bessel functions, one 
gy compute the absorption coefficient of a cylinder by means of this 
\V. STATISTICS OF REVERBERATION ROOM WAVE FIELDS 
1. GENERAL 
If in absorbent cylinder placed at a distance from the walls of a 


erberation room is approached by sound waves from all directions, 
lereas a flat patch of absorbent material on the wall of a reverbera- 
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tion room can be oggaponsee by sound waves coming through a soli 
angle of only 2z. his will give rise to a difference in the reverberg. 
tion-room statistics, by means of which coefficients of sound absorption 
are deduced from measurements of decay time. In order to empha. 
size the differences, the statistics for a flat patch of absorbent materia) 
will be briefly given. A technic of calculation in which plane wayos 
are handled statistically is introduced in order to include diffractioy 
effects in a logical way. This technic is different from those used by 
Jager [1] ' and Buckingham [2]. In addition, the statistics for cylip- 
ders and spheres will be developed. , 
Throughout the discussion, the following assumptions will hold 
(1) The wave motion in the reverberation room of volume V is com. 
pletely random. At ri | point within the room, plane waves of |! 
directions and phases will have passed by after a sufficiently long 
time (short, however, in comparison with the reverberation time) has 
elapsed. The plane wave in any given cone of directions, of solid 
angle dQ, is assumed to have the same average intensity as every 
other plane wave. Asa corollary, the energy density, W, is the sam 
at every point within the room. (2) In the statistical calculations 
plane waves incident on the absorber are associated with elements o! 
area, R°dQ, located on a spherical surface of integration whose center 
is at the absorber. The time-averaged intensity of an incident plan 
wave associated with such an element of area is assumed to be directly 
proportional to the solid angle d2 subtended by the area at the 
absorber. (3) At any given instant, there might be a number of plan 
waves incident on the sound absorber. The rate of absorption of 
energy by the cylinder or sphere, or patch on the wall, is assumed to 
be the sum of the rates for the individual plane waves. This is 
equivalent to assuming that, on the average, no power is developed 
at the absorbing surface by the sound pressure of one incident plan 
wave acting on the particle velocity of another incident plane wav: 
The first assumption fixes the statistical distribution of the sound 
waves incident upon the absorber. The third assumption is basically 
the rule of superposition for rates of absorption. It is a considerabl 
advantage to have such a rule, as the calculation of rates of absorption 
for plane waves is in general much simpler than for any other kind 
of incident wave. 
A corollary of the first two assumptions is that the time-averaged 
intensity of the plane wave coming from any direction is Wed{Q/4r. 


2. FLAT ABSORBER 


Suppose a flat patch of absorbent material is placed on the wall o! 
the reverberation room (see fig. 2). Let the effective area of th 
patch be A; for a plane wave at normal incidence. <A, is the produc! 
of the geometrical area of the patch and its absorption coeilicien' 
The product of A, and the intensity gives the rate of absorption 0 
sound energy from the plane wave. Ay, will include the effects ©! 
diffraction near the edges of the patch, and might be either greate! 
or less than the geometrical area of the patch. For a plane wave * 
angle of incidence #, the effective area is assumed to be A, cos ? 


1 Figures in brackets indicate the literature references at the end of this paper. 
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Then the rate of absorption of sound energy by the patch is 
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lan Ficure 2.—Flat absorber on the wall of a reverberation room. 
mn 01 . . . . 
ad te Hence the differential equation for the decay of sound in the room 
is is and its solution are 
ope j - 4c 
, dW , Acq, : : -(2e)e . 
lan Vo +““w=0, W=We * (16) 
yave dt 4 
= Finally, if 7’ is the time required for W to decay by a factor of e, then 
cally ; 
rab 4V - 
we A;=—sr° (17) 
tne cl 
[his is the Sabine expression generally used for calculation of absorp- 
BS I - Pad) 
art tion coefficients from reverberation-room measurements of decay 
Lr. ume. 
3. CYLINDRICAL ABSORBER 
Suppose an absorbent cylinder, of length / great enough so that end 
' effects can be neglected, is placed at a distance from the walls of the 
- reverberation room. Let the effective area of the cylinder be A, 
= see fig. 3) for a plane wave whose direction of propagation is per- 
on pendicular to the axis of the cylinder. The product of A, and the 
- ntensity gives the rate of absorption of sound energy from the plane 
aa wave. It is clear that A,—2zala,, where a, is as defined in section 
As A, includes the effects of diffraction (computed in section 
Cu 


(] 

Il), it might be either greater or less than the geometrical area 2al 
f the actual cylinder projected on the plane wave front. The 
vlinder shown in figure 3 is formed by revolving A, about the axis 
if the actual absorbent cylinder. 
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Fiaure 3.—Cylindrical absorber in a reverberation room. 


For a plane wave having an angle of incidence JV, it is assumed that 
the effective absorption area is A,cos 8. This important ears ior 
is analogous to that made for the ‘absorption by a flat patch at ob! 
incidence. The ¢ assumption, or a similar one, is necessary in 
absence of any theoretically derived effective area for plane w 
that strike the cylinder obliquely. It should be regarded 
approximation only. For example, if the direction of propagati: 
the incident plane wave is parallel to the axis of the cylinder, 
A, cos 8=0, which is evidently not true. 

The rate of absorption of sound energy by the cylinder is 





WcR? cos ddeodd 
raf” A, cos v= dake 
__A.We r 
: 4 


If, as before, 7 is the time required for W to decay by a factor of « 
then 

4, 14V. 
Oe ae OT 
The right-hand side of this equation differs from that of the Sabu 
expression, eq 17, by the factor 1/7. It would be advantageous t 
express the absorption coefficient and effective absorption area (0! 
cylinders in units such that the Sabine formula could be used to com- 
pute decay time. Therefore, we define the random incidence ellec- 
tive absorption area A, by 


4V 
A,=rTA, aay ial 


Finally, the reverberation-room absorption coefficient a, (introduced 
in eq 13) is 

A, 1 4V 
Qxal_ 2xalcT 


a 
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The foregoing explains the statement made in section III (compare 
oq 12 and 13) that the effective absorption coefficient of a cylinder in 
reverberation room is 7 times as great as the absorption coefficient 
ra plane wave incident normally to the axis. Section V contains 
e results of experiments designed to furnish a comparison between 
ies of a, computed from the normal impedance (eq 14) and values 
measured in a reverberation room (eq 21). 


4. SPHERICAL ABSORBER 


he statistical calculations for spherical absorbers do not suffer 
m the defect that an arbitrary assumption must be made, as was 
for flat and cylindrical absorbers, regarding the absorption at 
jue incidence. For this reason, the comparison between absorp- 
coefficients computed from the normal impedance and coefficients 
red in a reverberation room is more direct for spheres. 


oa 











Figure 4.—Spherical absorber in a reverberation room. 


the effective area of an absorbent sphere of radius a for a plane 
be A, (see fig. 4). The product of A, and the intensity gives 
rate of absorption of sound energy from the plane wave. As for 
flat patch and the cylinder, A, includes the effects of diffraction 
ight be either greater or less than the geometrical area, ra’, of 
the actual sphere projected on the plane wave front. The sphere 
hown in figure 4 is formed by revolving A, about a diameter of the 
tual absorbent sphere. 
The rate of absorption of sound energy by the sphere is 


7 (°2e 2 sj léd 
Bia ( ( Awe pe iis 


{ A,We (22) 
4 
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If T is the time required for W to decay by a factor of e, the 
Aeneas. 
; a. 

As for the absorbent cylinder, in order to express the absorption was 


coefficient and effective area for spheres in units such that the Sabine 
formula can be used to compute decay time, we define the random 
incidence effective absorption area, A,;, by 


ee 
A,=4A,=—y 


The reverberation-room absorption coefficient a, of a sphere is 


A, 1 4V 


=> —_, = —_ —_ (95 
4ra® 4nxa’*cT 


as \Z0 


Comparison between values of a; computed from the normal im- 
pedance of the sphere and values measured in a reverberation roon 
(eq 25) will not be made here. The foregoing analysis is presented in 
order to show how computed plane-wave absorption coefficients can 
be correlated with reverberation-room measurements on absorbent 
spheres. 


V. EXPERIMENTAL RESULTS AND DISCUSSION 
1. DESCRIPTION OF CYLINDERS 


The investigation was begun with cylinders made from Fiberglas 
having a density of 4 lb/ft. These cylinders, 9 in. in diameter and 
97 in. long, had shells constructed from perforated sheet steel. Run- 
ning the full length of the cylinders was a core made of perforated 
paper 5.75 in. in diameter. The space between the core and th 
cpliade shell was filled with Fiberglas, with a layer of scrim cloth 
between the Fiberglas and the shell. The ends of the cylinders wer 
covered with perforated sheet metal. 

Cylinders having one and two layers of cattle-hair felt were also 
investigated. From measurements on superposed layers and from 
measurements on the finished cylinders, it was found that the actua! 
thickness of the felt was % in. The weight of the felt was 0.60 lb/ft.’ 
The cores for the felt-covered cylinders were 28-gage sheet-iron 
tubes, 4 in. in diameter and in sections approximately 10 ft long 


After the first layer of felt was wrapped and the edges sewed together, def 
the average radius of the finished cylinders was 2.88 in. The average 


radius after the second layer was added was 3.77 in. imp 


2. IMPEDANCE MEASUREMENTS com 

plot 

Measurements of the normal acoustic impedance at the peripher) 
of the Fiberglas cylinders were not feasible. Estimation of th 
impedance is difficult because of the perforated paper core. However, 
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the functional relationship 


Z_, 36/4 
(23 2 —2—-24( 5) (26) 


was assumed for the impedance on the basis of measurements reported 
by Beranek [3] for materials similar to the Fiberglas. 

‘The results of normal impedance measurements for one and two 
lavers of hair felt with rigid backing are shown in figure 5. Each 
plotted point represents the average of determinations on 15 samples 
) selected at random from the original roll of felt. A modified Flanders 
(24 4] impedance tube was used to make the measurements. For both 
one and two layers of felt, the reactance curve at frequencies below 
1,000 c/s is approximately that of a column of air having the same 
thickness as the felt. 
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from Figure 5.—Impedance of hair felt for sound at normal incidence. 

tual 

J it.’ 3. ABSORPTION MEASUREMENTS 

-“1ron 

long Reverberation-room measurements of the absorption coefficient a, 
ther, defined by eq 21) were made on the Fiberglas cylinders and are plotted 


in figure 6. ‘The absorption coefficients computed from the assumed 
impedance function (eq 26) by means of eq 14 are plotted in the same 
igure. We shall refer to these as the theoretical coefficients. The 
computed absorption coefficients a, for normal incidence are also 
plotted. These are obtained by means of the usual equation 


rage 


her) 


|Z 12 
—— 1} 
a,=1—|F—-| - (27) 
+1) 
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The curves show that diffraction effects at frequencies correspondine 
to values of ka near unity (480 c/s) result in absorption coefficien;; 
greater than 1. At high frequencies, where the wave length is shop, 
in comparison with the circumference (ka>>1), the cylinder yj 
cast an acoustic shadow, and only the material on the side of {| 
cylinder that faces the oncoming plane wave will be effective in a). 
sorbing sound. It is interesting to note that the theoretical value » 
a, shows this shadow effect, because as the frequency rises abo 
1,000 c/s, a, decreases even though a, continues to increase. The; 
is general agreement between the theoretical and measured reverbe; 
ation-room values of a,, although a critical comparison of the two ses 
of values cannot be made as the normal impedance values on whi 
the calculations are besed are only estimated. 
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Ficure 6.—Absorption coefficients for Fiberglas cylinders. 


@= values of the absorption coefficient ay measured in a reverberation room 
a, computed =theoretical absorption coefficients for random incidence computed from the 
function (eq 26) by means of eq 14. 
a@,, computed =absorption coefficients for normal incidence computed from the same impedar 
by means of eq 27. ShOWS 


Ae 
' Alt 
Figures 7 and 8 show curves for the cylinders having one and tW0 Bi noas) 
layers of hair felt, respectively. The theoretical values of a, Wel? Hii too o 
computed from the measured impedances given in figure 5 by meats Bi poof, 


of eq 14. Also, the measured absorption coefficients for both one ané 
two layers of hair felt laid flat on the floor of the reverberation root 
are plotted in figures 7 and 8, respectively. Comparison of t 
measured values for the flat layers with the corresponding nicasurt 
cylinder coefficients shows that a given area of felt has considera 
greater absorption, at higher frequencies, when wrapped on a cy! bri 
than when applied to a flat surface. Souns 

Both the theoretical and measured reverberation-room coefficiel§ Bi wrfa, 
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auRE 7.—Absorption coefficients for cylinders with one layer of hair felt. 


| values of the absorption coefficient a, computed from inpedances given in figure 5 by means 
of eq 14. 
@= values of a, measured in a reverberation room. 
sbsorption coefficients for a flat single layer of hair felt measured in a reverberation room. 


iow again that absorbent cylinders can have absorption coefficients 
ater than unity at frequencies corresponding to values of ka near 
However, the maximum theoretical coefficients are somewhat 
greater than the maximum measured values. The exact location of 
he frequeney of maximum absorption depends, of course, on the way 
which the normal! impedance varies with frequency, as well as on the 
value of ka. Consequently, the measured frequencies of maximum 
ibsorption for the two types of cylinders correspond to different values 
olka. For the cylinders with one layer of felt, figure 7 shows the 
value of ka to be 2.7. For the cylinders with two layers, figure 8 
shows the value to be 2.1. 

Although there is general agreement between the theoretical and 
measured curves in each case, the differences at some frequencies are 
too great to be ascribed to experimental uncertainty. The theoretical 
wefficients are too low at low frequencies, too high at frequencies near 
ta=1, and are in fairly good agreement with the measured coefficients 
thigh frequencies. 

the differences between the theoretical and measured values of a, 
might be explained qualitatively as follows: (1) The original assump- 
ihat the normal impedance completely describes the state of 
vibration of the air at the surface of the cylinder might be too simple. 
ound waves might be propagated through the felt tangentially to the 
surface. If this should occur, the boundary conditions to be used in 
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Ficure 8.—Absorption coefficients for cylinders with two layers of hair felt. mod 


= theoretical values of the absorption coefficient ~ computed from impedances given in figure 5 by means nom 
of eq 14. ¢ 

; @= values of a, measured in a reverberation room. vane 

@©=absorption coefficients for a flat double layer of hair felt measured in a reverberation room Tl 
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solving the wave equation would be different. (2) The assumption 
that the absorption of a plane wave having an angle of incidence ? 
(see fig. 3) is directly proportional to cos 3 is only an approximation, 3s 


has been mentioned before. (3) The statistical assumption that th nT 
wave motion is completely random in the particular reverberation B® poo) 
room in which the measurements were made is a close approximation Hoyo, 
at higher frequencies, but might be incorrect at low frequencies. were 
Of the three conjectures, (1) and (2) will most likely explain th in th 
discrepancies observed. It is difficult to put these on a quantitative M414 
basis. The low theoretical values of a, at low frequencies might ) abso: 
explained by (2), and the high theoretical values near ka=1 might be HM proq 
due to the tangential propagation of sound described in (1). empt 
frequ 

VI. EXPERIMENTAL PROCEDURE far 


1. IMPEDANCE MEASUREMENTS 


The method used for measurement of the acoustic impedance of the 
felt was an adaptation of a method suggested by Flanders [4]. In the # wher 
modified method, the unknown impedance was measured in terms © Hi ing t 
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two known acoustic impedances and the complex ratio of one bridge 
balance reading to two others. 

The impedance tube, 3.2 cm in diameter, was divided into two 
sections. One section was fitted with a loudspeaker at one end, and 
was tapped near the other end by a small hole communicating with a 
condenser microphone. The other section was fitted with a movable 
piston. The two sections of the tube either could be joined together 
or a ring carrying the test sample could be inserted between them. 
A closely fitting sleeve made the joints tight. 

Two of the bridge-balance readings were for two known acoustic 
impedances, which were secured by setting the piston at the junction 
and at 4/8 from the junction. The third was obtained by inserting 
the felt sample in a ring between the two sections with the piston 
against the back of the sample. Sample rings % in. and 1% in. in 
length were used, and the felt samples were either compressed or 
fluffed out so that they just filled the sample ring. It was found that 
the felt sample disks fitted tightly enough in the tube so that cementing 
was unnecessary. 

Simultaneous measurements of the acoustic impedance of a tube of 
arbitrary length served as checks on the accuracy of the felt impedance 
determinations. 


2. ABSORPTION MEASUREMENTS 


The reverberation chamber was a room 30 by 25 by 20 ft, with 
smooth plaster walls and a concrete floor. Double-brick wall con- 
struction prevented extraneous noise. 

Rotating vanes, 8 by 16 ft over all, aided in the attainment of 
random wave conditions. Furthermore, the source of sound was 
modulated in frequency, or ‘‘warbled’’, through +10 percent of the 
nominal signal frequency. The loudspeakers were mounted on the 
vanes. 

The sound was picked up by four stationary microphones. After 
preamplification, the outputs from the four microphones were fed into 
scommutating device that sampled the outputs successively 12 times 
a second. After further amplification, the output was filtered by 
means of a band pass filter. 

The decay of the residual sound in the reverberation chamber was 
recorded on an automatic logarithmic power-level recorder working 
over a range of 50 decibels. Decay curves for the empty chamber 
were obtained before and after the absorbent materials were placed 
in the chamber in order to minimize any effects due to temperature 
ind humidity changes. Care was taken to keep the amount of 
absorbent material in the chamber well below the quantity required to 
produce nonlogarithmic decays. In all, 10 decay curves for both the 
empty chamber and the chamber with material were recorded at each 
frequency. The final total absorption A was computed from the 


formula 
} _4V, Sani 1 ) . 


Where Ty and 7’z are the 50-decibel decay times in the room contain- 
ing the absorbent material and in the empty room, respectively. 
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The individual Fiberglas cylinders were joined together to fory 
two long cylinders, each 32.3 ft long, and were supported on trestles 
with the centers of the cylinders 34 in. above the floor. The per. 
pendicular distance between the two long cylinders was 12.1 ft. 

Both the single-layer and double-layer felt-covered cylinders wer 
arranged in two different ways. In one arrangement, three cylinders 
30.4 it long were assembled from the cylinder sections placed end to 
end. The perpendicular distance between the centers of the long 
cylinders was 15.7 ft. In the other arrangement, five cylinders 
19.9 ft long were assembled from two sections each and were spac: 
5 ft on centers. For the single-layer-covered cylinders, the centers 
were 50 in., and for the double layer, 54 in. above the floor of the 
reverberation chamber. All free ends of the cylinders were stuffed 
with hair felt to prevent any possible standing waves at the lower 
frequencies. All free ends were also capped with sheet iron. 

The absorpition coefficients of both one and two layers of felt laid 
flat on the floor of the reverberation room were determined on approxi- 
mately square samples, each having an area of about 80 ft.’ The 
coefficients were extrapolated to what they would be for an infinit 
area by means of corrections empirically determined by Chrisler |5 


VII. ACCURACY OF MEASUREMENTS 


The estimate of the accuracy of the impedance measurements o! 
the hair felt was based on (1) the agreement between the computed 
and the experimental values of the impedance of a tube / cm long 
measured simultaneously with the felt samples, and (2) the precision 
as given by repeated measurements. It was found that the impedanc: 
of the tube computed from 


2 = i cot (kl) 29 


agreed within 3 percent with the experimental value, except for thos 
frequencies at which the impedance approached zero. In agreement 
with Flanders [4], it was also found that the resistive component 
was very small, provided the tube length did not approach (n)/2 
(n=1, 2,3...). The resistive component, for a tube of leng' 

1=6 cm, fluctuated between negative and positive values, averaging 
about 2 percent of the reactive component. The results of repeated 
measurements on the 6-cm tube, and also on the felt, agreed within 4 
percent through about 2,000 c/s. Above this frequency, the variation 
in repeated measurements on the tube averaged about 7 percent 
The final uncertainty ascribed to the impedance measurements 00 
the felt is 5 percent. 

In evaluating the uncertainty in the measurement of absorpl 
coefficients on the assumption that Sabine’s formula holds for t! 
reverberation chamber, all that needs to be considered is the repeat 
ability of the decay times and the agreement by different observers 
in reading the decay curves. All other factors in the reverberatio! 
formula are known with relatively high accuracy. Due to the irregv- 
larities in the decay curves at the lowest frequencies, the uncertain) 
in the decay times may be as high as 6 percent. The uncertainty 
decreases rapidly with increasing frequency until, beginning at abou! 
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250 c/s, it is about 2 percent. As the absorption coefficients are 
directly proportional to the difference between the reciprocals of 
wo decay tumes, the estimated final uncertainty is about 3 percent 
or the greater part of the frequency range. 

\bsorption measurements were made on cylinders of finite length, 
horeas the theoretical coefficients were deduced for infinitely long 
cylinders. As at almost all frequencies the absorption coefficients 
for the eylinders 19.9 ft long and 30.4 ft long mentioned above 
liffered by less than the experimental uncertainty, it is believed 
that the end effects are negligible. The absorption coefficients 
viven in figures 7 and 8 are the averages for the cylinders of different 


lengths. 


VIII. TECHNIC OF CALCULATION 


Bessel functions of high order and their derivatives were needed 
o compute a, (eq 14). It was decided that the British Association 
Mathematical Tables [6] would yield accurate results more quickly 
than would any other available tables of Bessel functions. First, 
values of ka (which are the arguments of the Bessel functions) were 
computed to three decimal places from the measured circumferences 
‘the evlinders and the frequencies used in making the normal 

pedance measure ents. The values of ka used in the calcula- 

inged from about 0.13 to about 8.7. The Bessel functions of 

‘+h order were computed from the British Association Tables for 
J,, J;, Yo, and Y; by means of well-known recurrence formulas. 

Enough terms in the infinite series of eq 14 were used so that the 

ted sum of the remainder terms amounted to less than 0.1 

reent of the whole sum. It is believed that the final computed 

es of the absorption coefficients a, have errors (arising from the 
sequence of calculations) of less than 0.01. 


IX. SUMMARY 


A wave theory has been applied to the absorption of sound by an 
ibsorbent circular cylinder of infinite length. An exact expression, 
neluding the effects of diffraction, has been obtained for the absorp- 
tion coefficient of a cylinder on which is incident a plane wave of 
sound traveling in a direction perpendicular to the axis of the cylinder. 
The derivation of the expression for the absorption coefficient was 
based on the assumption that the ratio of sound pressure at a point 
on the cylinder surface to the normal component of particle velocity 
r " equal to the normal acoustic impedance of the surface. Theoreti- 
al coefficients were computed for Fiberglas cylinders by using assumed 
mpedances and were computed for cylinders of hair felt by using 
impedances that were measured directly. 
; Rn e theoretical coefficients were compared with experimental values 

ained for cylinders placed in a reverberation room. In order to 
fect the comparison, it was necessary to develop the statistics for 
the absorption by a cylinder located in a random wave field. These 
statistics were shown to be different from the usual statistics that 
‘pply to the absorption by a flat patch on a wall of a reverberation 
room. 
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The theory predicts, and measurements confirm, that absorben; HIRU.‘ 
cylinders can have coefficients greater than unity. The agreemen: 
between the theoretical and experimental coefficients is fairly good 
and is better than that usually found for flat patches of absorben; 
material placed in a reverberation room. The discrepancies betwee, Me ’” 
theoretical and experimental coefficients appear to be due either ty 
wave propagation through the absorbent material in directions tap. 
gential to the surface, to absorption at oblique incidence that is yo; 
directly proportional to the cosine of the angle between the direction HRDY 
of propagation of the incident sound and a plane norma! to the cylinder 
axis, or to a combination of these two effects. 

The statistics for the absorption by a sphere located in a random 
wave field were developed. Comparison of theoretical and exper. 
mental absorption coefficients for spheres would be of great interest 
There would be no uncertainty for spheres about the absorption a Dy 
oblique incidence as there is for cylinders and flat patches of absorbent ylot 
material. ae 
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DYNAMIC TENSILE TESTS OF PARACHUTE WEBBING 
By Ambrose H. Stang, Martin Greenspan, and Sanford B. Newman 





ABSTRACT 


Dynamic-load-stretch and stretch-energy data were obtained for two types of 
vion and one type of cotton parachute webbing. These data were compared 
vith similar data obtained from static tensile tests of the materials. The dynamic 
and static breaking strengths of the webbing were also obtained. 

The nylon specimens showed a reduced strength, stretch, and capacity for 
energy absorption under dynamic loading as compared with static loading. The 

tton specimens showed under dynamic loading about the same strength, 
reduced stretch, and increased energy absorption. The energy absorbed by the 
roken nylon specimens was more than three times that of the broken cotton 


specimens. 
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I. INTRODUCTION 


At the request of the Bureau of Aeronautics, Navy Department, 
the National Bureau of Standards undertook comparative tests on 
various types of parachute webbing. The load-stretch relationships 
ind other mechanical properties of three types of webbing under 
dynamic tensile loading were investigated. The loads were to be 
ipplied by means of a 200-lb mass falling through a height sufficient 
‘0 produce in the webbing a tensile force of 4,000 lb (an acceleration 
of the falling mass of 20 g). 

High-speed tensile-test data for textile materials are comparatively 
tare; hence the results of these tests are of some general interest, even 
though the test specimens were specialized and the ranges of variables 
investigated were narrow. The method of obtaining the dynamic- 
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load-stretch relationship is similar in principle to that used on mets 
by Clark and Datwyler [1]. 


II. SPECIMENS 


The three types of 1%-in.-wide parachute webbing tested were idep. 
tified as rib-weave nylon, herringbone-weave nylon, and type JX 
herringbone-weave cotton. The types of webbing are shown in figyy 
1. Each specimen consisted of a length of webbing held by a heay 
D-ring (with cross bar) at the top and by two similar D-rings at th; 
bottom, as shown in figure 2. he clear inside distance between D 
rings was 36.0 in. in all cases. The test results given in this repor 
apply to the complete specimen, including the D-rings. 


III. DESCRIPTION OF TESTS 
1. GENERAL 


The test setup is shown in figure 2. The specimen was hung from; 
1 %-in.-diameter steel bar held in the fixed head of a testing machin 
(The testing machine was used only as a support and for calibratio 
purposes.) <A steel weight pan was suspended from the lower D-rings 
by means of a connecting link. The combined mass of the weig! 
and link was 13.7 lb. 

The falling weight, which had a mass of 198.5 Ib, consisted of ; 
cylindrical annulus with a hole large enough to clear the rod, the spe 
men, and the connections. The weight was hung from the movabj 
head of the testing machine by light sash cord. The movable head 
positioned to give the desired height of drop, and the weight was 
released by cutting the cord. 


2. MAXIMUM STRETCH, OVER-ALL SET, AND FREE-LENGTH SET 


The maximum stretch of the specimen was obtained from the de- 
ression of the column of modeling clay directly under the weight ps 
‘he length of the specimen under the load of the weight pan was 

sidered the initial length (zero stretch). 

The clear inside distance between D-rings was measured 

(36.0 in.) and after the drop with the weight pan in place. 
Before the drop, a 20-in. gage line was marked on the webbing wil 

pins, and the gage line was measured after the drop with the weight 

pan in place. 


3. LOAD 


The connection between the upper end of the specimen and the lower 
end of the 1-in. rod consisted of a connecting link and a %-in. eyebo! 
arranged as a dynamometer. Several inches of the shank of the eye 
bolt had been reduced to %-in. diameter and four SR-4 wire strall 
gages, type A7, were cemented to the reduced surface. Two of the 
gages were parallel to the axis of the shank and were connected = 
series, the other two, also in series, were at right angles to the ax 


! Figures in brackets indicate the literature references at the end of this paper. 
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he two pairs of gages were connected as adjacent arms in an a-c 
rheatstone bridge. The output of this (unbalanced) bridge was 
roportional to the tensile load on the eyebolt. 

The voltage on the bridge was 10 volts, 1,000 cycles per second, 
reduced by an electronic oscillator. The output of the bridge was 
"e iden-MRmplified and the demodulated signal made available for recording 
ype X an oscillograph recorder that produced a photographic record of 
1 figure ad versus time. 

heavy A load of 4,000 lb on the dynamometer produced a deflection on the 
at the Mcord of about 0.65 in. Calibrations of the dynamometer by means 
een D- MM the testing machine were made several times daily while the tests 
report fii&ere in progress. The time scale on the record was marked by lines 
bout % in. apart, corresponding to time intervals of 0.01 sec. The 
uration of test from beginning of impact to maximum load was about 
05 to 0.06 sec for the nylon and 0.03 to 0.04 sec for the cotton 
ecimens. 

The natural frequency of the dynamometer was, of course, very 
ih compared to that of the specimen, and the natural frequency of 
e galvanometer coil was 430 cycles per second. Typical oscillo- 
ms are shown in figure 3. 


4. LOAD-STRETCH RELATION 


The forces acting on the combined mass, M-+-m, of the falling weight 
id weight pan are the weight, (M/+-m)g, acting downward (positive) ; 
etension, F=F(t), given on the oscillogram, and the initial load due 
the weight pan, mg, acting upward. Hence the differential equa- 


jon for the stretch, s=<s(t), is, by Newton’s law, 
d’s 
(M-+-m)g—F—mg=(M+m) 7» 


oie | ; 
de Mt+m M+m (1) 
ere F is in absolute units (poundals). Since F is given as F(t) on the 
scillogram, eq 1 may be integrated numerically for s(t). Elimination 
{tbetween F=F(t) and s=s(t) gives the load-stretch relationship. 

Iftis taken as zero at the beginning of impact, then the initial con- 
ition for s is s=0O whent=0. The velocity of the weight just before 
pact is ¥2gh, where fA is the height of drop. Upon impact (as- 
umed plastic), the common velocity of the weight and pan is reduced 


‘9 


M — 
= im v2gh (2) 


accordance with the principle of conservation of momentum. This 
the initial condition on the velocity required for the integration. 
The maximum stretch computed by this method may be compared 
ith that given by the clay-column measurement. 
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5. ENERGY 


The work done on the specimen, corresponding to various stretch 
was obtained by evaluating numerically the integral /7 Fis. Ty 
maximum work, //=Fds, where s,, is the maximum stretch, was cop 
pared with the “input energy,” E. In cases where no failure occur; 


Ted 


the input energy was equ to the sum of the kinetic energy at th 


instant of impact and the potential energy lost during stretching. 


pa Et mes (M-+-m)gon 


M 
=m ght (M+ M) 98 m- D) 


6. STATIC TESTS 


For comparison, one specimen of each type of webbing, in al] » 
spects identical with the dynamic-test specimens, was tested at sly 
speed (4 in./min) in a horizontal testing machine. Load-stret 


data to failure were obtained, and the stretch-energy relations wen 


computed as for the dynamic tests. 


IV. RESULTS AND DISCUSSION 
1. LOAD-STRETCH RELATIONS 


The results for the individual dynamic tests are given in tables 
2, and 3. Because the load corresponding to a given stretch shoy 
no consistent variation with height of drop, the results were average 
for each type of webbing and compared with the results of the stati 
tests. The load and stretch are reckoned as zero when the tens 
in the specimen is equal to the weight of the weight pan, about 14! 


TABLE 1.—Load-stretch*data for rib-weave nylon 



































Specimen number | 
te Average Static 
| | dynamic | ~” 
Stretch 1 | 2 | 8 leo | 6 | 6 
Load j 
in. lb eo”) a ioe he lb | lb i 
0 0 | 0 | 0 0 0 | 0 | 0 
1 220 160 240 | 130 220 | 200 190 N 
2 440 350 | 460 280 430 410 390 22 
3 660 590 | = 680 470 700 | 610 620 4 
4 880 810 | 910 660 | 1,020 810 850 | 5m 
5 1,100 | 1,080 | 1,150 850 | 1,340 | 1,010 1,000 | 80 
6 1, 360 1,390 | 1,400 1,070 1,700 | 1,240 1,360 | 1,080 
7 1, 670 1, 770 1,680 | 1,370 | 2,030 1, 530 1,670 | 1,3 
8 2, 2.130 | 2000 | 1.740 | 2380 | 1.890 2,020 | 1,78 
y 2, 2,520 | 2,370 | 2,170 | 2,780 | 2,310 2, 420 2, 1K 
10 2,850 | 2,880 | 2,770 | 2,630 | 3,210 | 2,75 2,850 | 2,600 | 
11 3,340 | 3,250 | 3,220 | 3,020 | 3,740 3, 190 3,290 | 3,310 
12 3,680 | 3,640 | 3,610 | 3,300 | 4,260 | 3,620 3,700 | 4,000 | 
13 sie aaa 3,940 | 3,940 ! 3 4, 50 
an Pee es eee ee ee eee eee 5.7 
J 
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TaBLE 2.—Load-stretch data for herringbone-weave nylon 
“et sh S ; ’ ae 7 beri = vr —_ 
Th Specimen number 22 
ban Sana (NN ES! RG) OT B's ee ee pe 28 | static 
S COM a. $2 = 9 0 | ma | i] wo | mw] os | ba 
curred = 2a) Go! Do Bi ies J .* 
al thg 3 Load 
hg. ee EEE NE ay ; ee GREE 
in.| | ® lb b | wb lb lb lb lb b | wb lb 
0 0 0 0 0 0 0 0 0 0 0 0 0 
1 250 240 200 460 290 210 260 440 250 320 290 80 
2| 500} 500} 400) 840} 540] 510| 540] 660] 520) 600] 560 270 
31 750) 77 590 | 1,110] 750| 780] 810] 880] 790| 840| 810 480 
4| 1,010 | 1,050 | 800 | 1,260 | 1,020 | 1,060 | 1,110 | 1, 130 | 1,130 | 1,100 | 1,070 740 
5 | 1,290 | 1,370 | 1,100 | 1,570 | 1,350 | 1,380 | 1,420 | 1,390 | 1,480 | 1,390 | 1,370] 1,040 
, & | 1.610 | 1,720 | 1,440 | 1,910 | 1,710 | 1,730 | 1,770 | 1,700 | 1,900 | 1,730 | 1,720 | 1,370 
7 | 2.000 | 2,120 | 1,800 | 2,300 | 2,130 | 2,080 | 2,170 | 2,100 | 2,360 | 2,150 | 2,120] 1,760 
8 | 2.370 | 2,590 | 2,240 | 2,640 | 2, 560 | 2, 500 | 2,630 | 2,580 | 2,830 | 2,680 | 2,560 | 2, 230 
9 | 2,790 | 3,100 | 2,710 | 3,150 | 3,050 | 3,100 | 3,110 | 3,100 | 3,300 | 3,220 | 3,060] 2,770 
. 10 | 3,340 | 3,620 | 3,230 | 3,980 | 3, 520 | 3,720 | 3,610 | 3,650 | 3,750 | 3,710 | 3,610 | 3, 440 
all re i1| 3,580} ... | 3,770] -.. | 3,800] 4,120] 3,980] 3,890] -.. ; oo | SE 
7 12 2m 4, 250 _ ace ab ane ose ete — bios 5, 080 
at siov | 
stret ; 
iS wen 
TABLE 3.—Load-stretch data for herringbone-weave cotton’ 
r = = ——— — ————_____$_$_______ ——— a 7 = 
Specimen number | 
= . ee Ee Le beatin 
| l l dynamic | tic 
Stretch 17 | 18 | 19 20 21 22 | 
| 
] | _ ——— — _ ——— — 
bles | Load 
show | —_ a eS —— =s 
erage | én, lb lb ib lb lb lb lb lb 
atot 0.0 0 0 0 0 0 0 0 0 
“— 5 60 170 40 160 80 160 110 30 
ens) 1.0 200 360 180 500 220 440 320 60 
1h | 1.5 400 590 460 1, 060 460 860 640 170 
14) 2.0 660 870 | 1,040 | 1,810 940 | 1,580 1, 150 370 
2.5 1,010 | 1,370 | 1,600 | 2,800 | 1,710 | 2,460 1, 820 770 
3.0 670 | 2280 | 2.360 | 3,830 | 2,700 | 3,420 2, 710 1, 350 
| 3.5 2,800 | 3,260 | 3,250 | ..... | 3,570 | 4,030 3, 400 2, 190 
4.0 étijine Eitebene eogee ose (18 eeeos E .ecoce | coase 3, 290 























It will be seen from these tables that the dynamic-load values are 
| greater than the static-load values for equal stretches, except for the 
rib-weave nylon webbing for stretches of 11 and 12 inches. The 

difference between the dynamic- and static-load stretch values is 
greater for the cotton webbing than for the nylon webbings. 


2. STRETCH-WORK RELATIONS 


The stretch-work results are 


= in tables 4, 5, and 6, which are 
wranged in the same way as ta 


les 1, 2, and 3. For equal stretches, 


the average dynamic work values are greater than the static work 
| val 
values, 
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TABLE 4.—WSiretch-work data for rib-we 


TABLE 5. 


ft-lb 
0 
5 
35 


66 


Stretch-work data for herringbone-weave nylc 


Wo 


Specimen number 
3 4 
ft-lb | fttb | 
0 | 0 | 
11 | 5 | 
| 40 22 } 
88 | 53 
155 | 100 
| 
241 163 | 
AB | 243 
74 | | 345 
| 627 4.4 
| | 
SOO 636 
| 1,020 | 836 
1, 270 1, 070 
} 1,560 1, 340 
1, 870 1, 640 


ft-Ib 
0 
5 
35 
82 


ft-lb 


| 








tretch 








Specimen number 
9 10 u | 12 | 43 
Work 

ft-lb | ftth | fttb | feab | ferb 
0} 0} Oo} 0 0} 
i) | 20 13 10 ll | 

35 | 75 | 48 36 44 
| 77 156; 102 88 100 

| 135 | 53 175 | 167 180 
Pipe: 

215 | 370] 273] 268| 285 
320 516 | 401 | 400 417 | 
55 | 691 562 560 580 | 
| 624 897 | 756] 750] 780 | 

| 831 1, 130 989 980 | 1,020 
| 1,080 | 1.430 | 1, 260 | 1,270 | 1,300 | 

| 1,370 | adie caleesiaie 1, 620 
1,710 | . " | 


Spe en number 

19 20 21 
Work 
ft-lb ft-lb ft-lb 
| o | 0 | 0 
l 3 3 
bea 19 8 
} 2 «=| 54 24 
| 

2 | we 110 
| 18. | 345 202 
Ow 836 


, 200 





| 
| 
0 | 
a ll 
34 | 
76 
134 

| 
210 
304 
418 
560 


734 
945 


480 
790 


13 | 








14 15 
ft-lt ft-lb 
0 0 
67 48 
132 ie) 
215 175 
319 283 
448 428 
606 607 
801 $12 
1, 040 1, 070 
1,320 | 1, 360 
1, 630 } 


St-lb 
0 
begat 
16 
| 42 
74 
45 


| 





Journal of Research of the National Bureau of Standards 


ave nylon 


Average ees 
dynamic , n 


mm 





6.—Stretch-work data for herringbone-weave cotton 


Average 


| dynamic | 








Dynamic Tests of Parachute Webbing 417 


3. MAXIMUM VALUES 


Table 7 gives the maximum load; the maximum stretch both 
measured (clay column) and computed (eq 1); the sets; the input 
euergy (eq 3); and the maximum work (integration of load-stretch 
curve) for the dynamic-test specimens. 

The maximum stretch computed by integration of eq 1 is con- 
sistently higher than the stretch measured by means of the clay 
column. This discrepancy is probably due to accumulation of 
systematic errors in the load-measuring equipment and gives an 
indication of the accuracy of the loads and stretches determined by 
the method deseribed. However, the agreement between the input 
nergy and the maximum work obtained by integration of the load- 
stretch relationship is excellent. 

The set in the entire free length of the webbing is less than half 
the over-all set. This shows that slippage, as well as stretch, took 
place during the loading and emphasizes the fact that the specimen 
under test must be considered as the entire assembly, including the 


connections. 


TABLE 7.—Mazximum values for specimens tested under dynamic loading 


RIB-WEAVE NYLON 








Maximum stretch Set 





a2 £ £iz3° See Oe | Maxi- 
nur ber at mum | Input mum 
a load Measur- | Comput-} ¢.....17 | 20-in. free one work 
ed ed ver-en length 
ft. lb in. | in. in. in. ft-itt' | ft-lb 
9.0 | 3, 830 | 12.3 13.1 4.7 1.2 1, 890 1, 900 
9.0 3. 880 | 12.2 | 13.0 4.8 1.3 1, 850 1,870 
9.5 3, 950 | 12.2 | 13.4 4.7) 1.1 1, 980 | 1, 980 
9.5 4, 130 13.4 | 14.0 | 5.0 | 1.2] 2,000 | 1, 970 
9.5 | 4, 300 | 12.6 12.4 | 4.6 1.1 1, 980 | 1, 940 
. 10.0 4,050 |. bawed 13.5 is ..| ‘i 1, 960 
Perro Tee eT es Peer ae.» F 
HERRINGBONE-WEAVE NYLON 
8.0 | 3,650} 10.4 11.8 | 2.9 1] 1,670) 1,720 
8.5 1,000 | 10. 5 | 11.5 4.1 | 1.1 1, 760 | 1, 730 
8.5 4, 250 | 10. 6 | 12.2 4.2 | 1.2 | 1, 760 1, 760 
8.5 4, 400 11.0 10.9 | 4.4 1.1 | 1,770 1, 760 
8.5 | 3, 800 10. 6 | 11.5 | 3.9 1.2 | 1, 760 1, 740 
8.5 4, 180 11.1 | 11.5 3.9 1.0 1, 770 1, 750 
9.0 $,110 11.3 | 11.8 4.0 1.1 1,870 1, 890 
9.0 3, 910 10. 6 12.0 4.4 1.2} 1, 850 1, 930 
9.0 4,060 | 10.8 . > 1, 630 
9.5 3, 940 2 re 10. 6 1, 560 
HERRINGBONE-WEAVE COTTON 
| at Bop 
| 1.5 3,110 | 3.4) 3.9 | 2.5 | 0.6 340 350 
1.75 3, 270 3.2 | 3.8 | 2.2 6 | 30 | 380 
2.0 | 3, 520 32) 3.9 | 2.2 5 440 | 440 
2.0 3, 880 3.1 3.3 2.1 ; 120 420 
2. 25 4, 000 | 3.9 480 
2.5 | 4, 060 3. 5 460 


. broke at upper D-ring. 


The results show a considerable variability in the properties of the 
‘pecmens. It should be remembered, however, that the specimens 
onsisted of a length of webbing with D-rings at both ends, initially 
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under a load of only 14 lb. Differences in the amount of slippay 
during test and variability in the properties of the webbing from 
specimen to specimen would tend to induce different results for similg; 
specimens. 

Table 8 gives the maximum load, stretch, and work for the dynamip. 
test specimens that failed and for the static-test specimens. The 
maximum stretch for the dynamic-test specimens was computed from 
eq 1. 

TABLE 8.—Mazimum values for specimens that broke 


RIB-WEAVE NYLON 









































CC __— 
Height of Maximum | Maximum Maximum 
Specimen number drop load stretch | work 
ft. b in. | ft 
Gi ectcenvndtcladvuedebecsbubbheddbdecaantae 10.0 4,050 13.5 | Lo 
a 5,770 14.1} 2m 
HERRINGBONE-WEAVE NYLON 
| 9.0 4, 060 10.8 | Lae 
16 a 9.5 3, 940 10.6 | 1a 
a ie: ee Pel I 3 RTE EG AS 5, 450 12.5 | 19 
HERRINGBONE-WEAVE COTTON 
— ee | 2. 25 4, 000 3.9 “ 
ED SS LEE TEE TS 2.50 4, 060 3.5 “ 
EES TES, TY pu 4, 090 4.4) ® 





All the failures occurred in the webbing at the connection to th 
single D-ring. The cross bar of the D-ring was deformed during th 
static tests but was undamaged by the dynamic tests. 

The nylon specimens had a reduced strength, stretch, and capacity 
1 energy absorption under dynamic loading as compared with stati 

oading. 

The cotton specimens had under dynamic loading about the same 
strength, reduced stretch, and increased energy absorption. This 
apparent anomaly is due to the fact that the difference between the 
dynamic- and static-load-stretch values were greater for the cotton 
webbing than for the nylon webbings. 

From table 8 it is noted that the values of maximum load ané 
maximum work for the nylon webbing specimens subjected to dynamic 
loading, and which were broken, were less than for the specimen 
subjected to static loading. This is contrary to the generally accepted 
idea that the strength of textile specimens increases as the rate 0! 
load application increases [2, 3]. The parts of the nylon specimens 
after failure, were found to be fused and very warm at the fracture 
at the D-rings. It is probable that owing to the high rate of load app! 
cation during the dynamic tests at the greatest height-of-drop value: 
heat was generated at such a rate that the temperature increase! 
enough to cause a decrease in the strength of the nylon webbing. Th: 


values of maximum load and of maximum work given in table 7 { 
the nylon specimens which were broken are not as great as for othe 
similar specimens also subjected to dynamic loading but not broke. 
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is again probable that the temperature of the specimens not broken 
4s less than for the broken specimens and consequently the strength 
j ability to absorb energy was greater for those not broken than 
+ the specimens which were broken. 

The breaking loads for the dynamic-test specimens were all very 
lose to the 4,000-lb value that had original been designated as 
e load to be attained. The strength of the herringbone-weave 
vlon specimen No. 16 was less than this value. It seems from these 
sults that the strength of the nylon specimens, as determined by 
tatic tensile tests, cannot be safely used to predict the dynamic-load 
rengths. The energy absorbed by the heeded nylon specimens was 
ore than three times that of the broken cotton specimens. 
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Fiat RE ] Samples ol the ty pe s of we bbing tested. 


‘eave tylon; &, herringbone-weave nylon; C ,type X herringbone-weave cotton 
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Figure 2.—General view of test setup 
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(OTE ON THE DENSITY AND HEAT OF COMBUSTION OF 
BENZOIC ACID 


By R.S. Jessup 


ABSTRACT 


The results of various determinations of the density of benzoic acid are sum- 

srized, The three most recent values are in reasonably good agreement with 

h other, but are higher by about 4.5 percent than the value most commonly 

ferred to in the literature. The difference of 4.5 percent in density affects the 
ction of weight in air to mass by an amount corresponding to 0.004 percent 
ass, and in heat of combustion per gram mass. 


The value 26428.4 +2.6 international joules per gram mass re- 
rted [1]! in 1942 for the heat of combustion of Bureau Standard 
umple 39f of benzoic acid under the specified standard conditions 
{the bomb process was obtained from the experimental values of 
eat of combustion per gram weight in air, using the value 1.260 
om * for the density of benzoic acid at 25° Cin making the reduction 
mass. This value was derived from the value 1.266 g/cm * for the 
ensity at 15° C given in International Critical Tables [2], and the 
alue 0.00053 per degree centigrade reported by E. R. Smith [3] for 
e coefficient of cubical expansion of benzoic acid in the range 15° 
) 30° C. The value of density given in ICT is apparently that 
ported by Lumsden [4] in 1905. 

lt has recently been noted that two other values have been ob- 
aed for the density of benzoic acid, namely, the value 1.322 g/cm* 
20° C reported by Steinmetz [5] in 1913, and the value 1.3211+ 
0001 g/em® at 23.3° C reported by Hendricks and Jefferson [6] in 
33. Steinmetz gave no information regarding his method of meas- 
mment or the accuracy of his result. Hendricks and Jefferson 
ade Measurements on single crystals grown from melts, by sus- 
nding the erystals in an aqueous salt solution, varying the con- 
eitration until the crystals just floated when the system was sub- 
tted to a centrifugal force of about 400 times gravity, and deter- 
mng the density of the solution by means of a picnometer. The 
sults were corrected for the effect of compressibility of solution and 
ystals. The individual results were not reported, but the probable 
mr of the mean value was given as +0.0001 g/em*. 


— 


Numbers in brackets indicate the literature references at the end of this paper. 
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From the care with which the measurements of Hendricks 
Jefferson were made, and from the agreement of their value 
that of Steinmetz, it would seem that the older value of Lumsdey 
seriously in error. However, as no information was available 
garding the reliability of the value reported by Steinmetz, and 4s 
was not absolutely certain that the difference between the va)yes 
Lumsden and of Hendricks and Jefferson could be attributed entiy 
to error in Lumsden’s data, an independent determination of ; 
density of benzoic acid seemed desirable. Since an accuracy of | 
the third decimal place is ample for the purpose of reducing we; 
in air to mass, it did not appear worth while to attempt to obi 
higher accuracy than this. 

To obtain samples of benzoic acid on which density determi 
tions could be made, an attempt was made to grow single crysis 
from melts in the manner described by Hendricks and Jeffegil— 
The product obtained was examined microscopically by C. P. Sayk Wit 
of the Chemistry Division of this Bureau, who reported that { heat 
samples were not single crystals, but were sufficiently compact a 5120 
free from voids so that resasonably satisfactory density determin -_ 
tions could be made on them. ih i 

The density determinations were made by Mildred W. Jones, of on 
Weights and Measures Division of this Bureau, by the method omy 
hydrostatic weighing in a saturated aqueous solution of benzoic ac -” 
The density of this solution was determined by Mrs. Jones by mes 960. 
of a picnometer. Measurements on two samples of crystals prepa met 
in separate experiments yielded the same value, namely, 1.316 gam ° 
at 28° C. 

The results of the various determinations of the density of benz! 
acid are given in table 1. The reduction to 25° C was made by usij 4 . 
for the coefficient of cubical expansion, y, both the value 0.00040 i I 
ported by Schwab and Wichers [7]? and the value 0.00067 that was ol 5) H. 
tained by recalculating the data of Smith [2] using the value 1.319 gag) 8. 
at 25° for the density of benzoic acid rather than the value 1.266 g/a hi 4 
at 15° C originally used by Smith. It will be seen from table | hag” *’, 
although the two values of the coefficient of expansion differ consid 
ably, the difference has only a relatively small effect on the valu Wa 
obtained for the density at 25° C. It will also be seen from table 
that the three most recent determinations are in reasonably sat 
factory agreement with each other, whereas the value of Lumsden 
lower by about 4.5 percent than the other three. It seems sale 
conclude that the value reported by Lumsden is seriously in er 
Any of the other values would be satisfactory for use in reducll 
weight in air to mass, as the value obtained for mass by using |.!! 
g/cm* for the density would differ by less than 2 parts in a million ir 
that obtained with 1.3202 g/cm’. In view of the fact that voids int 
samples of benzoic acid would result in low values of density, and | 
cause of the care with which the measurements of Hendricks # 
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? Schwab and Wichers calculated the density of solid benzoic acid at its melting point (by means 
Clausius-Clapeyron equation) from (1) their observed value of the pressure coefficient of the te 
temperature, (2) a value derived from data reported by Timmermans and Burriel [8] for the density ®' 
liquid at the freezing temperature, and (3) the value given in International Critical Tables for the beat 
fusion. The value 1.27 g/cm’ obtained in this way, and the value of density at 23.3° C reporte | 
Hendricks and Jefferson, were then used to calculate the mean coefficient of cubical expansio® “ * 
range from 23° to 122° C. 
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eferson were made and the high precision of their results, their value 
is probably the most reliable one. It is therefore recommended that 
the value 1.320 g/cm® be used for the density of benzoic acid at 25° 
( for the purpose of reducing weight in air to mass. 


TABLE 1.— Values for the density of benzoic acid 

















Density at 25° C 
Observer Density reported pean amen 
| 
y=0.00040 | y=0.00067 
gicm * g/cm giem? 

1.266 (15° C) 1.2610 1.2577 

§ 3). a . : 1.322 (20° C) 1.3194 1.3176 
Hendricks and Jefferson (1933) ---- -- eae 1.3211 +0.0001 (23.3° C) 1.3202 1.3196 
Jones (this paper, 1945). ......- aes 1.316 (28° C) 1.3176 1.3186 





With 1.320 g/em® as the value for the density, the value for the 
heat of combustion of Standard Sample 39f of benzoic acid becomes 
2429.4 +2.6 international joules per gram mass when the sample is 
burned under the standard conditions [1] of the bomb process. It 
should perhaps be emphasized that when this standard sample of 
benzoic acid is used to calibrate a bomb calorimeter, no appreciable 
eror would result from using the value originally reported [1] forthe 


heat of combustion per gram mass of the sample, provided the value 


1.260 g/em® is used for the density of benzoic acid at 25° C in reducing 
weight in air to mass. 
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